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ARTICLES

RESULTS OF TESTS AND OPERATION
OF A MODULAR SODIUM - WATER STREAM _
GENERATOR '

O. D. Kazachkovskii, V. F. Bai, : : UDC 621.039.534.63
V. A. Borisyuk, V. I. Kondrat'ev,

A. 8. Mazanov, N, N, Nechaev,

A. M. Smirnov, V. S, Sroelov (SSSR),

F. Dubshek, K. Lokhman,

V. Tomash, and I. Sobotka (ChSSR)

The modular design of steam generators with a sodium coolant is extremely promising for nuclear
power stations. As a result of the structural simplicity, the dimensions of the individual steam-generator
units are small. A steam generator of any power can be assembled from standard carefully checked
modules. The possibilities of organizing series production of modules, easy transportation, and modular
assembly are great advantages. ,

‘From the point of view of safety, hazard localization is possible in modular steam generators within
the bounds of a single module of low power and also its replacement without disassembly of the entire
steam generator. By comparison with frame generators, modular generator have more complexly
branching sodiumand steam communications; however, their weight characteristics are commensurate.

After a series of test bench trials on modules with a power of 1 MW, a modular steam generator of '
Czechoslovakian design was installed in the primary loop of the BOR-60 facility and was brought into oper-
ation on July 20, 1973 for verification of the ther mal-hydraulic characteristics, operating efficiency, and

behavior under the conditions of sodium and water interaction.

* Nozzle junction |}
i8] i Hzﬂ

C

== Y&

A VaVa'
SAZA
*Na I Wava Vatay

Flg 1. Diagram of steam feed into the steam-
generator intertube space: 1) nozzle junction;
2) shut-off needle valve; 3) nozzle.

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 315-319, November, 1975. Original article
submitted November 29, 1974; revision submitted July 2, 1975. :

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be }eproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

953

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1




- Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1

4001~

' 300

200 1 ] L |
0 100 200 - 300 400 500 Lmm

Fig. 2 . Fig. 3

Fig. 2. External view of failed steam-generature tubes.

- Fig. 3. Comparison of the experimental and calculated temperature distribution along
. the module: 1, 2, 3, 4) Sodium temperature, outside and inside tube surface, and water
surface respectively; O and e) experimental values of sodium and water temperatires.

TABLE 1. Steady-state Operating Cycles of the Czechoslovakian Steam Generator

' ; Cycles
Parameters — -
- 1 2 s e | s | e | 7 8

Powgr, MW ) . 1,98 | 5,25 |. 12,5 | 20,6 | 23,6 30 19,3 21,4
Sodium flow rate,- m3/h, 410 415 400 440 410 525 410 410
Sodium temperature, °C .

at'inlet ‘ 260 320 380 440 465 445 450 445

at outlet 245 280 | 280 280 280 265 300 280
Steam flow rate, tons/h 3,28 9,2 20,4 3 35 42 28,6 30
Temperature, C '

of feed water | 164 194 | 198 .} 198 198 160 198 160

of superheated steam ’ 260 320 375 435 450 430 450 435

of steam in flow splitter (ahead of separator) 240 291 295 295 295 275 340 295
Superheated steam pressure, kg/cm? 34 78 82 | 82 82 82 82 82
Magnitude of blow-off, tons/h 0,75 | 0,9 | 095 2 2 1,1 - 1,55

Design of the Czechoslovakian Modular

Steam Generator

This is a straight-through steam generator (with a power of 30 MW) with an actuating separator in-
stalled between the evaporator and the superheater. The surface of the heat exchanger is formed from
eight identical parallel filaments each consisting of two evaporator modules, a superheater module, and
connecting conduits with diameter 80 mm. The evaporator and superheater modules represent a heat ex-
changer of U-shaped design and of the "tube-inside-tube" type. The surrounding jacket of the modules is
made of tubes with diameter 159 mm and wall thickness 7.1 mm. The inside bundles are formed from nine
tubes: in the steam superheater the tube diameter and wall thickness are 18 and 2.5 mm of SANICRO-3
steel; in the evaporator it is 18 x3 mm of NT8Khé steel. Water and steam circulate through the tubes and
sodium circulates in the intertube space. The tubes of the modules are mounted in spacer grids and in
double tubular panels screened on the sodium size. The double tubular panel prevents seepage of water into
the sodium in the case of unsealing of the welded joints. Ths space between the tubular panels is filled with
an inert gas and is connected to the leak detection system. )

At the inlet to each heat-exchanger tube of the module, a washer with a 4 X4 mm opening is installed
which provides equivalence of the hydrodynamic characteristics of the evaporator tube. Moreover, at the
inlet to each module of the evaporator a baffle grid is.positioned cotitaining 37 openings with diameter 3 mm
for uniform distribution of the feed water through the individual tubes of the mb‘d'ules.‘ The evaporator and
steam superheater modules are grouped in individual mounting blocks together with the electric heating ele-
ments in a protective housing sealed with heat insulators.

954
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TABLE 2, Coolant Temperature, °C

No. of filaments of steam generator
Coolant ¢ ] o2 | s | s 5 | e | 1 | 8
Sodium at inlet to steam generator 440 440 440 440 440 440 | 440 | 440
Sodium at outlet from steam superheater: .
in the initial period 406 440 |- 402 404 410 | 407 | 396 | 400
after wash-out : 404 | 406 402 398 404 | 407 | 406 | 400
Sodium at outlet from second stage evaporator: '
in the initial period . 310 392 328 316 356 326 | 324 | 322
after wash-out 308 316 312 310 315 316 314 | 315
Sodium at outlet from steam generator : .
- in the initial period 267 325 | 275 276 300 272 | 272 | 280
after wash-out 278 280 275 270 | 283 278 | 274 | 280
Steam ahead of separator _
in the initial period 310 | 392 | 335 | 316.| 302 | 333.| 338 | 342
after wash-out .
Superheated steam : . )
in the initial period : 433 431 438 435 433 437 | 437 | 434
after wash-out 436 435 436 437 432 | 430 | 436°| 436

400

300 300

200

1
§ 7 8 9 1 Lm 2 4 6 8 10 12 % 16 L,m

) Fig. 4 ' Fig. 5
Fig. 4. Temperature distribution along the length of the evaporator: 1, 2, 3) temperature
of sodium, internal surface of tube, and water and steam —water mixture respectively: —)

calculation; O) experimental temperatures of sodium along the length of the steam gener-
ator. . :

Fig. 5. Temperature distribution along the length of the steam generator: A and B)
evaporators of first and second stages; C) steam superheater; other symbols as in Fig. 4.

Steam Generator Measurement System .

In order to measure the parameter of the operating cycles, three systems are installed in the steam
generator: emergency condition signalling, functional measurements, and experimental measurements.

NiCr —Ni thermocouples in sheaths with outside diameter of 3.2 mm were used as sensors in the ex-
perimental te mperature measurement circuit. The ends of the thermocouples are insulated from the walls
of the metal sheath. '

The temperature was recorded with a 100-point data unit UM20-Metra Blansko. The NiCr—Ni ther-

" ‘mocouples, with hot and cold junction temperatures of 500 and 50°C, have an emf equal to 19.52 mV. The

error in the data unit for these temperatures amounts to + 0.25°C. The permissible error of the NiCr —Ni
thermocouples with reference to a standard up to 500°C is #7.2°C. The cold-junction temperature of the
ther mocouples was maintained by a ZPA-12 thermostat within the limits of 50+ 1.5°C.

Investigations on Modular Steam Generators

with a Power of 1 MW

Investigation of the Interaction of Sodium with Watexr. The purpose ‘ofv‘ the investigations was to study
the interacting processes between sodium and water in the modules for the BOR-60, refining the monitoring

L
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methods (especially in the case of small leaks), testing the emergency-system operation for the discharge
of reaction products, and isolation of the steam generator with respect to water and sodium.

The experiment consisted of feeding steam taken from the outlet collector of the steam generator
through a nozzle junction in the module intertube space (Fig. 1) in order to simulate leakage into one of the
- steam-generator tubes. - -

Actuation of the emergency protection and shut-down of the steam feed into the sodium were carried
out by the operator after failure of one or several tubes of the bundle. The instant of burn-through of the
tubes was fixed by pulsations of the sodium and water flow rates and by the increase of pressure in the de-
gassifier as a result of the release of hydrogen,

As the experiments showed, the modular steam-generator emergency system, the operating prin-
ciple of which is based on measurements of the flow-rate pulsations of the sodium by differential flow-rate
meters, is efficient in operation and sufficiently rapid-acting even in the case of small leakages. In the
majority of cases, over 100 sec of a steam-leakage flow rate of 6° 1073 kg/sec into the sodium leads to con-
siderable damage of the steam-generator tubular bundle (Fig. 2). The position of the tubes relative to the
steam jet, fed from the nozzle, in this experiment is shown in Fig. 1. Failure of the tubes occurs either
as a result of the corrosive action of the reacting jet (tubes 1 and 2), or as a consequence of the loss of
strength characteristics of the steel as a result of an increase of temperature in the reaction zone up to
~1000°C (tube 3).

Investigation of Heat Exchange. On the test bench of the Scientific-Research Institute of Nuclear Re-
actors, a study was undertaken of heat exchange, heat exchange crisis of the second order, and of the tem-
perature pulsations in modular steam generators. The thermal power of the test bench (600 kW) did not
permit the nominal mass flow rates of water in the 19-tube module to be produced. Therefore, only six
working tubes were left in the modules which were arranged around the periphery of the tube bundle. The
remaining tubes were deadened and served as pressurizers, which permitted investigations to be carried
out over a range of mass flow rates of 400-850 kg/(m?-sec). However, the sodium flow rate in the steam
generator was lower than nominal by a factor of ~3.

In Fig. 3, the experimental temperature distribution in the steam generator is compared with that
calculated on a computer by the generally accepted procedure. The agreement between the calculated and
experimental temperature values was satisfactory when the values of the thermal conductivity A of NT8Kh6
steel were 22 +1.6 kcal/(m-h-°C) and t = 400°C, and with the introduction of a correction for the separa~
tion of drops at the bend of the module, The limiting steam contents, obtained experimentally over a range of
flow rates of 400 <jW =800 kg/(m?- sec), are higher than the values calculated by Doroshchuk's recom-
mendations.* The maximum deviation amounts to ~ 0.2, The difference between the experimental and
theoretical relations probably is explained by the geometry of the stream generator; the magnitude of the
limiting steam content, as a result of the separation of drops from the flow atthe bend, may depend on the
origination point of the second-order crisis.

The experiments on the investigation of the statistical characteristics show that the temperature pul-
sations of the wall in the crisis zone are determined to a considerable degree by the flow-rate pulsations.

Flow-rate pulsations, which are unimportant from the operating point of view (~ 1%), might lead to
temperature pulsations with double amplitude of up to 30°C.

Start-Up and Steady-State Cycles \of a Steam

Generator with a Power of 30 MW

In the first stage of the investigations, the BOR-60 facility operated with the Czechoslovakian steam
generator connected into the first loop of the second circuit, and with an air heat exchanger subconnected
to the second loop. Start-up of the steam generator was carried out in the steam cycle without preliminary
filling with water of the steam—water circuit. ' ‘

First of all, the nominal sodium flat rate of ~400 m®/h was established. Feed water in the evapora-
tor was supplied simultaneously with rise of power of the reactor at the same rating (300-500-liters/h) that
superheated steam came from the evaporator outlet. The steam-generator pressure was adjusted at first
by the discharge of steam through the steam conduits' blow-off lines and then-(above 10-12 atm) by means

*V. E. Doroshchuk, Heat Exchange Crisis as a result of the Boiling of Water in the Tubes [in Russian],
Energiya, Moscow (1970). .
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of automatic channels of the reducing-cooling installations. The feed-water supply was increased until
the appearance of a stable level.in the separator,

With further increase of steam-generator output, the supply of feed-water was regulated according
to the level in the separator. The rate of heating-up of the installations was maintained during startup
within the limits of 60-70°C/h. In every steady-state cycle, the parameters of which are shown in Table 1,
the modular steam generator operated for a long time, which permitted a conclusiontobe drawn concerning
its stable operation over a wide range of loads. '

In the initial period of operation, a deviation of the temperature from nominal (up to ~30%) was ob-
served in two filaments (out of eight) due to the different hydraulic characteristics of the evaporator module
on the water side (from analysis of the thermal balances of the steam superheater filaments, it follows that
the sodium flow rates through the filaments are almost identical). One of the probable causes of the devia-
tion might be clogging of the evaporator baffle devices. In order to eliminate this, the steam generator was
washed out with a reverse flow of feed water and operated for 1 day in a cycle with reduced feed-water
pressure (see Table 1, cycle 6).

The results of measurement of the sodium and steam temperatures in the modular steam-generator
filaments for cycle 4 (see Table 1) in the initial period of operation and after washing out are shown in
Table 2. It follows from Table 2 that as a result of the wash-out the temperature values over all the fila-
ments were levelled. The difference in the temperature values of the sodium at the outlet from the fila-
ments of the steam generator is found to be within the limits of error of the measuring instruments. It
should be noted that the readings of the steam temperature sensors before the separator, considerably ex-
ceed the saturation temperature. This is a consequence ofthe imperfection of the measurement system.
The fact is that the ther mocouples, with the sheath insulated from the walls by a regulus, are in a gaseous
medium with a temperature which exceeds the saturation temperature,

Calculations of the temperature distribution over the length of the heat removal surface were carried
out for obtaining the parameters at which the steam generator operated for a longer time. The calculated
and experimental values of the distribution in the modular steam generator (Fig. 4) refer to the average
values of the parameters of all eight modules, and there is a satisfactory agreement between the experi-
mental and calculated values of the sodium temperature. The somewhat lower experimental values of the
temperatures in the first module of the evaporator and the larger values in the second module can be ex-
plained by the fact that the thermocouples of the first module were located in a gaseous medium with a
lower temperature, and the thermocouples of the second module were in a medium with a higher temperature,

Figure 5 shows the calculated curve of the temperature measurement along the length of the steam
generator., According to the calculations, the magnitude of the temperature jump at the inside surface of
the tube in the zone of transition to worsened heat exchange amounts to 75°C.

This is somewhat dangerous and indicates further work on the steam generator and its subsequent in-
vestigation is needed.

Emergency Conditions

During operation of the facility with an air heat exchanger and with the modular steam generator,
when the shielding is actuated the sodium circulating pumps of the loops are cut-out. With a delay of 30-60
sec, the feed pump is cut-out, after which the steam generator is disconnected from the loop by means of
a slide valve. Some time (~ 10 min) before total reduction of the pressure in the steam generator, purging
from the separator is opened.

The measurements showed that in all the elements of the steam generator, the rate of change of tem-
- perature during an emergency shutdown is insignificant, and there are no large temperature changes. This
shows that conformity is necessary between power reductions and reduction of the coolant flow rates in the
facility. Further cooling of the steam generator is ensured by forced mrculatlon of the sodium through the
circuit. .

‘Thus, the first stage of operation showed that the modular steam generator of Czechoslovakian design
functions stably in the separator cycle at a power of 5-30 MW. Operation does not cause difficulties in the
case of manual and automatic control of the feed-water supply. In the case of decompression of the tube,
_systematic (chain) failure of the tube bundie takes place as a result of the corrosion—erosion action of
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. the reacting jet and also loss of the strength characteristics of the tube wall material as a result of in-
crease of temperature in the reaction zone. For modular steam generators, differential -mégnetic flow--
meters could be used as reliable sensors for recording the flow.
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HYDRAULICS OF THE ACTIVE
ZONE OF THE VVR-M REACTOR

G. A, Kirsanov, K. A, Konoplev, - ' UDC 621.039.53
R. G. Pikulik, and Zh. A. Shishkina

The active zone of the VVR-M reactor [1, 2] has the cross-sectional shape of a hexagon with an in-
scribed-circle diameter of 540 mm and a height of 500 mm; it is sited in an aluminum tank under a 3.5-m-
thick layer of water (Fig. 1). The pressure drop in the active zone is limited by this level of water. The
fuel-element assembly of the VVR-M reactor (Fig. 2) consists of three coaxial tubular fuel elements, the
outer tube having a hexagonal form. The tubes are bonded into the fuel-element assembly by mechanical
fixing methods. Water runs from top to bottom in the gaps formed by the fuel-element tubes. For con-
venience of recharging the active zone, the fuel-element assemblies are connected into technological sec-
tions of three assemblies each. Each fuel-element assembly has a support-by means of which the lower
part is fixed into the supporting lattice of the reactor. Above the support lattice is a guide lattice facili-
tating the placement of the assemblies in the corresponding sockets of the support lattice (Fig. 3). In their
upper regions the assemblies come into contact with head bands which specify the gaps between the fuel
elements of neighboring assemblies.

The active zone of the reactor is surrounded by a -metallic beryllium reflector containing apertures
for nine horizontal and 11 vertical channels. The whole reflector is also penetrated by vertical apertures
6 mm in diameter for the passage of the cooling water, The loading of the active zone of the reactor varies
over a wide range depending on the number and shape of the experimental devices lying within the zone.
Various devices (water cavities, radiation filters, ampoules, channels, beryllium displacers, etc.) are in-
serted into the active zone in place of extracted fuel-element assemblies. For purposes of fixing in the
support lattice, the experimental devices and displacers are furnished with supporting pieces matching the
configuration of those in the fuel-element assemblies. The main problem of our present investigation was
that of measuring the hydraulic characteristics of individual elements in the active zone of the VVR-M re-
actor in order to determine possible power reserves and obtain the data needed for ther mal and hydraulic
calculations.

Measurement of the Water Flow Not Taking Part in Cooling the Fuel Elements and the Hydraulic
Resistances of Various Elements of the Active Zone. The flow of water not taking part in cooling the fuel

elements is made up of leakages through the apertures in the beryllium reflector, through the gaps between
the reactor channels and the reflector, and though the gaps between the reactor vessel and the reflector. In
order to measure this flow rate the active zone of the reactor was entirely unloaded and its contents re-
placed on the reactor lattice by a blank plug, such that the gap along the perimeter of the plug between the
walls and the reflector was equal to the gap between the reflector and the fuel elements. We measured the
water flow in the first circuit of the reactor as a function of the pressure loss in the reflector (Fig. 4,
curve 1). The water flow so measured includes not only that passing through the reflector but also that
passing through the gap between the plug and reflector along the plug perimeter. Allowance for the latter
was facilitated by the fact that the water velocity in this gap was equal to the water velocity in the channels
of the fuel element assemblies, owing to the fact that their hydraulic diameters were equal. In order to
measure the dependence of the water velocity in the assembly channels on the pressure loss, the active

. zone was first charged with the fuel elements and experimental devices. After this we measured the pres-

sure loss in the active zone for various water flow rates in the first reactor circuit (Fig. 4, curve 2). The
mean water velocity in the assembly channels was determined from the difference between the flow rates

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 320-323, November 1975. Orlgmal article
submitted Nove mber 6 1974; revision submitted June 2, 1975.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be ieproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopyirg, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Arrangement of the active zone: 1) tank; 2) fuel-element
assembly; 3) beryllium reflector; 4) reactor vessel; 5, 6, 7)

guide, guard, and support lattices; 8, 9) suction and pressure-
head pipes. '

Fig. 2. Fuel-element assemblies of the reactor: 1) head; 2) fuel
elements; 3) support; I-IV) numbers of assembly channels.

TABLE 1. Distribution of the Hydraulic
Resistance of the Active Zone with Respect
to Its Elements

esist tion,
Type of Hydraulic Res.xs an;gfég% ‘;r g}n i
active-zone | resistance of feftlgn-d'n assem- | Tar-
charging active zone | &t lnle%s(:han- tices
Complete 5,5 41 30 Y] 20
Working 5,0 44 43 13

when the active zone was charged with fuel elements and when these were replaced by the plug, maintaining
the same.pressure losses and open cross section of the active zone.

The relationship between the mean water velocity in the assembly channels and the pressure loss in
the active zone (Fig. 5) enables us to allow for the flow of water in the gap between the plug and reflector,
and to determine how the flow of water through the reflector of the reactor depends on the pressure 10ss in
the active zone (Fig. 4, curve 3). The water flow not taking part in cooling the fuel elements is no greater
than 12 = 1% of the flow in the first circuit of the reactor over the whole range of possible flow rates.

Hydraulic Resistances of the Active-Zone Elements in the VVR-M Rea_ctbr. These Were‘ measured
in a special test bed constituting a reduced hydraulic model of the reactor with a vessel holding 37 fuel-
element assemblies. :
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Fig. 3

Fig. 3. Shape of the lattices and arrangement of the supports carrying fuel-
element assemblies in the reactor lattices: 1) fuel-element assembly sup-
port; 2, 3) guide and support lattices of the reactor.
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A Fig. 4, Water flow in the first circuit of the reactor and water flow passing
through the reflector as functions of the pressure drop in the active zone.
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1 |

2
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Fig. 5. Mean water velocity in the fuel-

element assembly channels as a function

of the pressure drop in the active zone.

The hydraulic resistance was calculated from the
equation

E=—2gr | (1)

where AP is the pressure loss; V, p are the velocity and
density of the water. '

Measurements of the hydraulic resistances of the
guide and support lattices (together with the fuel-element
assembly supports) relative to the velocity of the incident
flow showed that £ ¢=3.4 £0.1. The resistance of the two
lattices without the supports of the fuel-element assemblies
£7 =2.4£0.1. (Here and subsequently we give the mean-
square errors of the results of the measurements).

If the active zone of the reactor is fully charged with
fuel elements, its hydraulic resistance (including the fuel-

" element assembly channels and the support and guide lattices), referred to as the average water velocity

in the channels of the fuel-elements assemblies, is (£ A7) VFEc =5.5 + 0.1 in the velocity range 1.8-3.0
m/sec; the hydraulic resistance of the lattices referred to the water velocity in the channels of the fuel-

element assembly in the same ve10c1ty range is (§; oVFEC=1.10 % 0.04.
‘The hydraulic resistance of the fuel-element assemblies referred to as the average water velocity

in the channels equals

Erec=Bin T Eour + & Yd=4.35 £ 014

represents the sum of the average local resistances’ (inlet and outlet) a.nd the product of the frictional re-

sistance and the relative length of the channel,
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It should be noted that the assembly channels differ from one another as regards cross-sectional
geometry at the inlet and outlet, owing to the presence of the spacers, and so have differing hydraulic fesis-
tances. The hydraulic resistances. indicated are the average values for an active zone consisting of many
fuel-element assemblies, which in the present case is considered as a single construction,

In order to determine the proportion of frictional resistance in the total hydraulic resistarce of the
_active zone, we measured the frictional resistances of various assembly channels over the velocity range
 1-5 m/sec. The measurements were carried out in the inner tube of the fuel-element assembly, in the gap

between the two circular tubes, and also in the gap between the circular and hexagonal tubes, by reference -
to the pressure drop in a section of channel 200 mm long lying at-over 40 hydraulic didmeters from the in-
let, for a fixed water velocity in the channel. In all cases there was a systematic¢ discrepancy between the
experimental values of the frictional resistance and those calculated from the Nikuradze formula

£ =0.003324+ 0224 Re0.57, ) @)

The experimental values are approximately 10% lower than the calculated. The frictional pressure losses
in the assembly channels average 49% of the pressure losses in the fuel element assembly. The proportion
of the local resistances (inlet and outlet) in the hydraulic resistance of the fuel-element assemblies is very
considerable and on average amounts to 51%.

Calculation of the Hydraulic Resistance of the Active Zone in the VVR-M Reactor for the Case of
Arbitrary Charging with Fuel Ele ments and Experimental Devices. The devices inserted into the active
zone (together with the fuel elements) usually reduce the open cross section of the active zone and the con-
tribution of the hydraulic resistances of the lattices in the total hydraulic resistance of the active zone; this
is due to the fact that some of the experimental devices (for example, the water cavities) have fewer sup-
porting stems than the number of active-zone cells which they occupy.

Thus, the hydraulic resistance of the lattices has different values according to the charging of the ac-
tive zone. If we assume that the pressure losses in the parts of the lattice with or without assembly sup-
ports are equal, we may derive the following equation for the mean hydraulic resistance of the lattices, re-
ferred to the water velocity in the assembly channels for any degree of charging of the active zone with
fuel elements and experimental devices

o 1

(E) 1 m
FEC [( ) Vglo +_n—_l71§:l

> (S/nSc )21 (3)

where n is the number of cells in the active zone of the reactor, S, is the area of a cell, m is the number
of cells occupied by experimental devices without supports, S is the open cross section of the active zone
for the specified charging of the latter with fuel elements and experimental devices.

The average hydraulic resistance of the active zone equals
Eaz=Erec+ Vg 4

The average water velocity in the fuel-element assembly channels for known pressure 1osses in the
active zone may be calculated thus: .

/2P 4
- AZ :
VrEc= v Egp _ 5)

The error in the value of VFEC derived from Eq. (5) is determined by the errors in the original
quantities (Epgc, £7 o 2nd £7 ) and is no greater than 3%. The values of VFEC calculated for the same
charging of the active zone as that at which the pressure-loss dependence of the water velocity in the as-
sembly channels was measured differ from the experimental values by 4.5%. This should be regarded as
good agreement, since the mean-square error of the velocity measifement was 2.5%. Thus, the proposed
method provides the necessary accuracy for determining the meain water veloc1ty in the channels of the
fuel-element assemblies in thermal reactor calculations.

When the active zone is completely filled with fuel elements, or when the zone is occupied ’te the
same extent as that for which the water velocity in the assembly channels was measured, the contributions
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of the various elements of the active zone to its hydraulic resistance calculated by means of Egs. (3) and
(4) are as in Table 1.

Hydraulic Characteristics of the Fuel-Element Assembly Channels of the VVR-M Reactor. The set
of fuel elements in the VVR-M reactor is made up of four types of channels of the same hydraulic diameter,

‘which differ considerably as regards the reduced valiié of the open cross section at the channel inlet and

outlet due to the presence of spacers (Fig. 2). Thus, each channel has its own value of hydraulic resistance.
For parallel operation of the channels in the active zone, each will therefore have its own water velocity,
differing from the mean velocity determined from the average hydraulic characteristics of the active zone
considered as a single structure. The necessity of studying the hydraulic characteristics of the individual
channels is obvious, since the maximum permissible power of the VVR-M reactor is determined by the

characteristics of the hydraulically least favorable channel.

The fuel-element assembly model was furnished with shock tubes for measuring the pressure loss in
each channel over a section 200 mm long, lying at over 40 hydraulic diameters from the inlet section. The
measurements were. made in a hydraulic test-bed. From the measured pressure losses and Eq. (2) we cal-
culated the water velocity in each channel and its ratio with respect to the average velocity deter mined
from the known values of the water flow and the open cross section of the group of thirty-seven fuel-element
assemblies in the hydraulic test-bed: K;=V;/Vpgc. The arithmetic mean values of K; for channels I-IV

were respectively 1.18 £ 0.05; 0.89 £ 0.04; 1.05 + 0. 05; 0.86 < 0.05,
If we approximate the experimental measurements by a curve passmg 10% below that of Eq. (2) the
K; values for this case will exceed those quoted by 5.5%.

As we should expect, the best channel in the set of fuel—element assemblies is the channel of the inner
tube I the inlet and outlet sections of this tube have no spacers. The'wo'rst is channel IV, formed by hex-
agonal tubes. ' '

The measured relationships (ratios) enable us to determine the local resistances for each channel
By equating the pressure losses in each channel to those in the w_hole set we have

(KW, : VR, '
(Eini+ Eout ;- Efrl/d) _P_ZFEQ =EFE p—-%g-(—:’ ‘ (6)

here £iniand £qit j arethelocal resistances of the i-th channel. The sum of these for channels I-IV respec-
tively equals 0.81 +0.18; 3.19 + 0.22; 1.61 + 0.22; 3.49 + 0.35. '

The foregoing results are sufficient for estimating the power reserves pf the VVR-M reactor, and
also for refining thermal calculations of the active zone.

The authors wish to thank B. S. Razov, V. M. Sokolov, A, N. Gubinskii, and A. N. Syasin, who took
part in the construction of the hydraulic test-bed and in the corresponding measurements.
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ANALOG SIMULATION OF THE SPATIAL
'KINETICS OF A REACTOR

B. N. Seliverstov, N. P. Rudov, o » UDC 621.039.512
F. F. Voskresenskii, P. A, Gavrilov,
and A. M. Fomin

The exact solution of the transient neutron-diffusion differential equations for a simple (but not point-
type) reactor model involves serious computing difficulties. Various approximations are accordingly re-
quired for the solution of such problems. The most convenient procedure is the so-called cell method of
solving spatially dependent kinetic equations by analog computing techniques.

The cell method allows us to divide the reactor into zones or cells -and to derive a system of transient
equations including the mean neutron fluxes or the strength of each cell. The spatial part of the problem
lies in determining the parameters on which the cross flow of neutrons from one cell to another depends.
When the cells are small the analysis may be regarded as a finite-difference method.

By comparison with digital computation, the analog method of solving the problem on the foregoing
approximation enables the various calculations relating to reactor kinetics to be carried out in a more op-
erative manner for cases of complex. geometry and arbitrarily specified boundary conditions; the dynamic
characteristics of the energy-evolution fields may further more be studied under conditions corresponding
to real practical methods of apparatus regulation,

Several papers have recently been published in regard to the construction of space —time reactor
models [1-5], but the questlon of computing methods and the actual manufacture of the models has not been
discussed in sufficient detail.

In this paper we shall consider methods of choosi ing a discrete mathematical model for spatlally de-
pendent reactor kinetics and certain special aspects relating to the adjustment of the model.

For simplicity of discussion we shall consider the diffusion equations in the single-group modified
approximation, with one group of delayed neutrons, written in variational form:

MAVD + (K y— 1~ BK“,O)&D [—(1—-6) X AKo® + (1 —B) AR scp+xac_l"6—“’; 1)

L (K eand®+ AR+ AK0D) —16C = 2BE @)

where 6@, 6 C are the relative changes in the neutron flux and the delayed-neutron source concentration re-
spectively (the index "0" refers to the steady-state values, the rest of the notation is as generally ac-
- cepted).

In view of the very slight lnﬂuence of the delayed neutrons on the neutron diffusion theterm BAK 5@
in Egs. (1) and (2) may be neglected. If the width of the perturbation spectrum is no greater than B/l we
may put d8&/97 =0 in Eq. (1), which also simplifies the system of equations.

- Solving Eqgs. (1) and (2) after applying a Laplace transformation in 6 $ to this system and assuming
that 1 — [,BS/(S+ M) ] =1, we obtain :

BE oS
S+

MP9%D 4 60 ( Kooy —1— )+ AKo®y + AR 8D = 0. @3)

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 324- 328, November, 1975 Orlgmal artlcle
submitted December 13, 1974.
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Fig. 1. Apparatus representingthe dynamic equation for a unit cell of the network model.

Fig. 2. Basic electrical circuit of one cell in the model (a), and circuit for measuring the
potentials in the cells of the model for the plateau zone (b).

In order to simulate the diffusion of neutrons on the analog principle, we may use the distribution of
electric current through a set of ohmic resistances connected into a chain or a two-(or more) dimensional
network. If the network is made in an ordered manner, the Kirchhoff Equations describing the processes
taking place in this network should coincide with the finite—difference approximations of the diffusion dif-
ferential equation in the same coordinate system. This approximation is based on the use of a Taylor
series. '

Neglecting terms on the order of the square of the mesh length in the expansion we obtain the differ-
ence form of the Laplacian for an orthogonal lattice

' . " @ — 200 + D, Gy —20p 1+ ©
AQ =Dy + Oy & — h§0T 8 42 h§° =
with a uniform step (mesh hy = hy). The division of the region into rectangles is not the only one possible.
The region may also be divided up into a system of regular hexagons or triangles. For a network compris-
ing hexagons we may use the Taylor series to express the flux functions at three peripheral points in terms

of the values of the function and its derivatives at the central nodal point. Rejecting terms of the order of
h, we obtain :

4 O340+ D3—3Dp

AD =~ At

" A greater accuracy is provided by a network formed of regular triangles, which has an érror of the order

of ht

Ap =2 D402+ D340y + D5 Dg— 6Dy
=3 7 g

Thus, for networks with equal steps the foregoing difference functions give an error of the order of hR-2,

~ where n is the number of rays converging at a nodal point.

From the condition of similarity between the physical equation and the equation governing-the cur-
rents at the i-th node of the model (based on the Kirchhoff 1aw), the analog of Eq. (3) takes the following

965

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1



Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060v004-1

a\
%/////

0123456N0789_'1011121314N

Fig. 3. Dependence of the roots of the char-
acteristic equation on the number of subdivisions
1 A; (05 2) Ay O); 3) Ay (N); 4) A, (N); 5)
dependence of K *; on the number of subdivisions
N; I) and IT) subcrltlcal and supercritical re-

gions.

form (the apparatus representing the dynamic equation for a umit cell of the network model is illus-
trated in Fig. 1):

"R* _,~  WR* | uR,R* , uRyR* u,R*  w;R* R R* wByR*  Am,
U, — -+ - - u . =0
R Vi R, 7 RyRpz ' Ryslis  Hag Rsx + RyRoa et RpRez - 100 ’

where Viy; == (2 u,+;,+nu,) o y=—t; Au= psAKw; py 1S a scale factor. The parameters of the circuit

elements in the model are determined from the following equations:

. R*R, M2+ B ReMze
By =0 g By T Be= Tmr i
R MPRBy . p . R*(Ry—Ryg) M
VO iRy — MR 8 TR =5 Koog Rz
Ro_Ralis .~ 4BFs—Ryg),

B(Ry—Ryp) 2’ ARyRyy 7
Ry — RoR*M2* | _(S+MRoRyp
b= RyshKeomax® ' 1T AR (Be—Rpo)’

The values of the parameter o selected in relation to the geometry of the unit cell are deter mined as
follows: one-dimensional model — 1;two-di mensional model — 1, 4/3, and 2/3 for rectangular, triangular,
and hexagonal networks respectively. The physical value of the neutron flux is expressed in terms of volt-
age by the equation '

o.
(Di=ui—uT ’

where u* = 100(R»/R,); ®* is the maximum value of the flux expected in the calculation, * symbolizes the
normalized factor. .

The quantities R*, M2*, Ryy, R, and Ry, in the equations may to a certain extent be selected arbitrar-
ily and subject to the followmg considerations. Firstly, the resistance R, should be greater than Ry, i.e.
the transmission factor of the second dc amplifier should be greater than unity. This requirement arises
from the equation for R,g, since R, — R, should be greater than zero. It is desirable that the coefficient of
the second amplifier should be no greater than 2-3, since any increase inthe sensitivity. of the network
greatly complicates its adjustment. Secondly, the sum of the resistances Ry3 +Ry should be no less than the.
per missible load for the amplifiers used in the network. Thirdly, the resistance Ry, should preferably be
made an order of magnitude larger than the network resistances R, (c =cell), so as to eliminate its influ-
ence on the current cross-flows.
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Fig. 4. Perturbed energy-evolution dis-
tributions obtained from a physical cal-
culation and from an analog spatial model
of the reactor (upper and lower figures
respectively) in % of the specific initial
value: O) perturbation introduced; &) com-
pensation of the perturbation; —=) line
separating the plateau and peripheral zones.

It should be noted that in general multiplication devices are required in those cells of the model in
which, for some reason or other, K« changes. For small deviations of the neutron flux (10-20%) multiply-

ing devices are not needed for those points at which changes occur in K.

Simulation of the spatially dependent kinetic characteristics in the plateau region (zone of equalized
neutron flux) enables us to economize with respect to a certain number of operational amplifiers, The
original equations for simulating the cells in the plateau region in the absence of perturbation are obtained
from Eq. (3) on the assumption that AK« =0, Kwog=1. This greatly simplifies the realization of the struc-
tural cell. Figure 2a shows the basic electrical circuit for such a cell, the parameters being found from

the equations
o1 1
M®* R, RB"

1

TR=M

The potentials in the cells of the plateau zone may be measured by means of the circuit illustrated in
Fig. 2b. The electrical circuits of the unit cells in the peripheral zone and those of the plateau cells in
which a perturbation AK« is introduced are analogous to the circuit of Fig. 1.

In order to obtain valid quantitative results in the cell model, it is extremely important to adjdst the
reactor model to the "critical™ state. Let us consider this question in more detail.

It is well known [1] that the transmission function for passing from point to point in the cellular model
under consideration has the following form for a cell of arbitrary geometry :

Kee, 1 _ 1
where T=m!§, F_T(1+—7V2—

of the reactor, in which K; is defined as

Ky =s—p—1- ' “
MY a ' '

s
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The number n is determined by the form of the network of step h; it depends on the geometry chosen for the
_unit cell, and equals the number of rays of the network converging to the nodal point.

The expression for K, is formally valid for a homogeneous reactor with an infinitely large number of
subdivisions, i.e., h—0. " : :

For a finite number of subdivisions ‘the reactor model represented by a set of transmission functions
"W (S), in which K, is calculated from Eq. (4), does not correspond to the critical state. Figure 3 shows the
‘way in which K; depends on the number of subdivisions of the active zone in a one-dimensional critical re-
actor. For such a reactor without any reflector we have the equation

Kooy _ m2

Mr T ZE

Substituting this expression into Eq. (4) we ébtain K*(N) =1/[2— (r2/N?%)] where N is the number of subdi-
visions of the active zone. The curve K,(N) corresponds to the minimum roots A ; (N) of the characteristic
equation for S=0, expressed in relation to the number of subdivisions.

We see from Fig. 3 that the curves K* (N) and K;(N) intersect asymptotically as N —w, i.e., the phys-

ical properties of the discrete critical will only correspond strictly to those specified when N —w, In other

words, if the critical reactor is represented by a discrete model with a finite number of subdivisions N, and
spec1f1ed values of K.q and M? , according to the arrangement envisaged the "model" reactor will be in a
"supercritical” state.

If we ensure a "critical™ state of the discrete model by moving from point b to point a (Fig. 3), the
physical parameters of the discrete system will deviate from the specified values by a certain finite amount
(or error), and this error will be the smaller, the greater the value of Ny This illustration of the one-
dimensional version reflects the principal characteristic of the analog method of solution involving a
coarse-step representation of the active zone of the reactor; it’ requires special accuracy in calculating the
transmission factors of the elementary (unit) cells of the network

Thus, for any finite subdivision of the active zone of the reactor the discrete model will be in a
"supercritical™ state if the model is adjusted on the basis of the values of K., obtained from the physical
calculation of the critical reactor. If the values of K, are not defined as the roots of an N-th-order charac-
teristic equation, where N is the nuinber of unit cells in the active zone, which is an extremely complicated
matter for two-dimensional geometry, the adjustment of such a cellular model will present appreciable dif-
ficulties. For the network simulating the homogeneous active zone, we must repeatedly vary the values of
the resistance Ry in all cells ofthe active zone so as to make them approach exactly the same value, The cri-
terion representing the "critical® state of the network model is the existence of a linear law of power var-
iation, (after the jump associated with the prompt neutrons) when the reactivity undergoes an abrupt per-
turbation (linear model); the runaway or amplitude —phase —frequency characteristics of the average powers
should coincide with the similar characterlstlcs of the point linear-reactor model, at least up to a fre-
quency of w=8/1.

The problem of adjusting the model is g'reatly simplified if we are studylng the kinetics of a reactor
with a clearly expressed plateau zone.

In this case the number of resistances R,3 requiring variation diminishes to N — P, where P is the
number of unit cells in the plateau region and N is the total number. If, moreover, the periphery of the ac-
tive zone is a ring with a width of one unit cell (independently of the number of cells in the plateau zone),
the transmission coefficient for the transmission function (4) of the peripheral zone will be deter mined
from the equation K;=2 1/n, where n characterizes the unit-cell geometry. In this case we use Eq. (4) to
deter mine the value of K for the peripheral zone, whereas for the plateau region the value of K is unity.
The values of Ko for the plateau and peripheral zones enable us to calculate the corresponding values of
R23.

Sometimes when simulating spatially dependent reactor kineti¢s (in cases in which for a variety of
reasons it is impossible to simulate the structural cell of the reactor under consideration by qne unit cell
~* of the network) complexities arise in determining the correspondence between the perturbation actually in-
troduced into the reactor and its mathematical analog.

_ We see from Eq. (3) that the external perturbation amounts to the change in the local value of K.
However, the initial "weighting" data for the perturbations caused by the extraction of a fuel element or . -
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control rod (or by temperature and density effects) are usually expressed in terms of Keff. Owing to lim-
ited technical capabilities, the practical representation of all the structural cells in power reactors (usually
over a thousand) on the network is quite impdssible. If the unit cell of the spatial model is geometrlcally
similar to the structural cell, the problem is greatly simplified.

We may envisage two ways of calibrating the perturbations for a linear model, i.e., for the case in
which the deviations of the neutron flux may be regarded as small (not more than 20% of the nominal value):
by analyzing the starting-up period correspondlng to the mean reactor power Tg, and by using perturbation

The first method is analogous to the rod-weighting method used in assembly experiments. It is well
known that, for point kinetics, in the linear approximation we have the equation

8Keff= % (5)

relating the change in the effective neutron breeding factor to the reactor start-up period. Thus, if the pe-
riod of the neutron flux averaged over all cells in the network is measured, we may use Eq. (5) to calibrate |
the perturbation in units of reactivity. It should be noted that as the perturbation diminishes, i.e., the pe- !
riod increases, the accuracy of the calibrations is reduced. There is a certain "threshold" perturbation,
depending on the scale selected, for which the reactor period cannot be recorded with the required accuracy
because of the drift intrinsic to the electronic model.

The second method uses the following equation of perturbation theory

| AKoo®2dV
| AK0F ©

O TRatgav

where dV is the volume of the cell over which the perturbation is uniformly distributed, while integration
is carried out over the whole active zone. For a discrete space—time model of the reactor Eq. (6) may be
converted to the following form:
. N .
DV Koo ®@y0)?
1
Mo =0

where p is the change in reactivity due to the particular perturbation, while the summation extends over all
the cells of the network model. Thus for known physical characteristics of the active zone and a known re-
activity p introduced into the reactor we may determme the perturbations m units of AK,, for the unit cell
of the network model. - |

After the network model of the spatially dependent reactor kinetics has been adjusted to the critical
state and the characteristic perturbations and the means of compensating external perturbations have been
calibrated, if any substantial temperature or density effects (influencing the reactivity) also exist, a system
of inertial feedback links is established among the unit cells, the sign and depth of the feedback being re-
spectively deter mined by the sign and magnitude of the temperature and density coefficients of reactivity,
while the inertia is determined by the specific heat and ther mal resistance of the fuel and moderator.

Since the mechanism underlying the inertial action of the feedback links is determined by a complex
heat-transfer process, and (strictly speaking) is described by a system of differential equations of high or-
der, in problems of network simulation it is more convenient to use approximations of the first or second

orders, according to the ratio of the fuel and moderator time constants.

The accuracy of the solution obtained in network models is characterized by Fig. 4, which compares
the perturbed steady-state distribution of energy evolution obtained in a coarse-step network model with
the results of the electronic-computer calculation of a similar field in a reactor incorporating a reflector.
The unit cell of the network model includes seven unit cells of the digital model. We see from Fig. 4 that
the results agree satisfactorily in the plateau zone, but in the peripheral region they differ substantially.
This is mainly because the simulation was carried out on the one-group approximation, as a result of which
the influence of the reflector on the neutron flux distribution in the perioheral zone was not taken into ac-

count.
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METHODS OF REGULATING THE FIELDS OF ENERGY
EVOLUTION IN LARGE POWER REACTIONS' - ™

B. N. Seliverstov, N. P. Rudov, R - UDC 621.039.562
and F. F. Voskresenskili

In making practical use of a large power reactor, it is essential to maintain the prespecified shape
of the field of energy evolution constant, since undue deformations of the latter may lead to serious acci-
dents. The sensitivity of the energy field to deformation and local changes in the physical characteristics
of the active zone increases with the size of the reactors and with the s moothing of the neutron flux. Clas-
sical systems for the automatic control of integrated power are incapable of compensating for local surges
of energy evolution.* Hence in order to preserve the specified profile of energy evolution and eliminate
local surges it is essential to include a special automatic system.

At the present time provision is made for the operator to maintain the spatial distribution of energy
evolution by means of manual control rods. However, in view of the increasing requirements imposed upon
the accuracy of energy-profile maintenance and the complexity of all the problems incumbent upon the oper-
ator, the question of automating control of the energy distribution is now one of first-order importance,

In developing a system for controlling the spatial energy distribution it is essential to allow for the
technological specifications governing the use of the reactor, and also for the structure of the internal feed-
back mechanism, which determines the predisposition of the reactor in question to spatial instabilities of

energy evolution.
By "technological s;iecifications" in the use of the reactor we mean primarily the purpose for which
it is to be employed and the modes of charging and recharging the fuel elements.

In the operation of large power reactors of the channel type there is a tendency toward "on-line" re-
charging, i.e., the expanded fuel is replaced by fresh material without reducing the power or stopping the
reactor. This has a positive influence on the economy of nuclear power stations. Designers of control sys-
tems for the spatial distribution of energy evolution are thus faced with a completely specific problem,
since the site, magnitude, and velocity of the perturbation are specified in advance.

Other problems are associated with stabilizing the spatial oscillations of the energy-evolution fields
associated with the interaction of neutron-physical and ther motechnical processes. In this case the spe-
cific characteristics of the control system are determined by the characteristic frequency of the spatial
oscillations of the energy-evolution fields. Usually one distinguishes between low-frequency xenon oscilla-
tions (fluctuations), the period of which varies from tenths of an hour to several hours, and high-frequency
oscillations characteristic of large boiling reactors, having positive feedback with respect to vapor content.
Here the period of the spatial oscxllatlons may be a matter of seconds.

It should be noted that the reasons for the misalignment of the reactor energy fields maynot liesolely
in the tendency of the particular reactor toward various kinds of instability, but also in possible anomalies
of a technological character, for example, the redistribution of the rate of flow of the coolant and of the in-
let temperatures with respect to the various fuel channels, and so forth. The most complicated case is
naturally that in which the reactor possesses all the foregoing dynamic characteristics and also requires

. continuous "on-line" recharging of the fuel.

*By "classical" control system we mean a many-control-rod, synchronously-coupled control system oper-
ating by reference to the average current signal of peripheral ionization chambers.

‘Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 329-333, November, 1975. Original article
submitted December 13, 1974. '
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Fig. 1 : Fig. 2
Fig. 1. Deviations from the nominal distribution of energy evolution on suppressing the
perturbation by means of an integrated-power regulator: Q) regulator rods; e) perturba-

tion introduced; IC) ionization chamber ;=) boundary between the plateau and peripheral
zones. ' : :

" Fig. 2. Block diagram of the integrated-power regulator and structural arrange ment of
the regulation system incorporating the compensating rods. :

Let us consider some of the arrangements for regulating the energy fields employed in present-day
power reactors. The efficiency of these systems may be demonstrated by considering the two-dimensional
network model of a hypothetic reactor without any feedback links, having a hexagonal lattice of cells for
which the ratio of the square of the diameter to the migration area equals 2.5 10%. ’

Local perturbations of the neutron breeding coefficient AK, simulating the replacement of expended
fuel by a fresh supply, were introduced into the plateau zone.* In simulating the ionization chambers out-
side the active zone we assumed that the contribution to the readings of the chamber due to the neutron flux

arising from cells lying at a distance r was given by the law ¢ = —:5 exp (—%) where the value of £

N
characterized the attenuation of the signal.t Thus a signal proportional to >¢; (where N is the number
' : i=1

of cells in the active zone of the reactor) falls on each ionization chamber.

v For large values of £ such as correspond to the real case of large, but not "rigidly connected" active
zones, the neutron flux of the central cells takes hardly any part in deter mining the signal to the integrated-
power regulator. Clearly, in maintaining the integrated reactor power constant the "classical® regulator
will not eliminate local surges of energy evolution, especially when the zone of perturbation lies a long way
from the regulator (control) rods. Figure 1 illustrates the distribution of the energy-evolution deviations
obtained on using the most traditional, so-called "classical" scheme for regulating the integrated power of
the reactor. The structural arrangement of the integrated-power regulator is shown in Fig. 2.

Let us now consider some improved systems for regulating the integrated pbwer using the peripheral
ionization chambers. '

Integrated Reactor Power Control System Incorporating Compensating Rods [1]. Theselected number
of compensating rods (Fig. 2) are brought into play on a signal from the intermediate ter minals of the reg-
ulator. After the rods of the automatic regulator have passed into the zone of action of the end switches,

*In order to obtain easily understood results, we assumed that the local perturbation AK,, equalled 108
where B is the effective proportion of delayed neutrons.
+The expression for ¢ constitutes an approximation to the experimental relationships.
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Fig. 3 _ Fig. 4

Fig. 3. Distribution of the deviations from a certain nominal energy distribution on
suppressing the perturbation with an integrated-power regulator, aided by three simul-
taneously introduced compensating rods: x) compensating rods (remaining notation as
in Fig. 1).

Fig. 4. Distribution of the deviations from a certain nominal energy distribution on
suppressing the perturbation with an integrated-power regulator, aided by an altered
structural distribution of the regulating rods (notation as in Fig, 1), '

the selected compensation rods are moved at a constant velocity until the automatic-regulator rods again
pass out of the zone of action of the end switches.

The main parameters of this system are the number of compensating rods brought into action and the
insensitivity zone AL of these rods. In choosing the insensitivity zone of the compensating rods one is
forced into a compromise, since a reduction in the-zone AL leads to a certain improvement in the energy-
evolution distribution but worsens the stability condition, which in the linear approximation amounts to the

satisfaction of the inequality

where A is the average decay constant of the delayed neutrons, q is the harmonic linearization coefficient -
falling with increasing insensitivity zone AL; KCR, Kreg are the amplification factors of the compensating
system and the regulator respectively.

The choice of the number of compensating rods is primarily determined by their compensating capac-
ity and also by their disposition relative to the fuel element being recharged. The best version is that in
which the perturbation is localized by near-lying compensation rods. It is also essential to satisfy the con-
ditions of nuclear safety, since the variation of a large number of absorbers may, in the case of failures,
lead to emergency situations. Figure 3 shows the distribution of the deviations in energy evolution on sup-
pressing the perturbation with an integrated-power regulator aided by three connected compensation rods.

It is not difficult to see that there will be no increase in the maximum of the local surge in energy

evolution if several similar rechargings are carried out at the same time, subject to a suitable organization

of the compensation system. The distance between the points of perturbation should be greater than five
migration lengths, : L : -
Integrated Power Control System with an Altered Disposition of the Regulating Rods. On compen-
sating the perturbations in the manner just discussed, the rigidly fixed disposition of the automatic-control
rods, in conjunction with asymmetrical perturbations relative to the center of the active zone, leads to an
increased nonuniformity in energy distribution a long way from the point of perturbation. The energy dis-
tribution over the active-zone region may be improved if the compensating rods in the region of the fuel
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Fig. 5 Fig. 6

Fig. 5. Distribution of the energy deviations from a certain nominal distribution, sub-
ject to multichannel suppression of the perturbation: &;) rods of the local regulator
served by the i-th chamber inside the reactor; i*) monitoring chamber inside the re-
actor for three neighboring rods (remaining notation as in Fig. 1).

Fig. 6. Distribution of energy evolution relative to a certain nominal distribution dur-
ing the multichannel suppression of perturbation, after a preliminary power reduction
in the zone of the perturbation (The top figures correspond to the energy deviations rel-
ative to the nominal values after reducing the power in the zone of action of the fourth
regulator, the lower figures after introducing the perturbation; the re maining notation
is as in Fig. 5).

undergoing replacement operate in the guise of an automatic regulator. Figure 4 illustrates the distribu-
tion of energy deviation for this mode of regulation. We see from Fig. 4 that over the whole region of the
active zone, except of course the perturbed region, the energy deviations lie within the range of error of

the simulation system.

Apart from the flexibility of control, the automatic-regulator type of operation has better dynamic
characteristics, so that the transient processes take place more smoothly than in the relay case. A short-
coming of this arrangement is the demand for increased reliability of all the executive devices and the
necessity of using different compensating rods for different recharging operations.

Multichannel System for Controlling Fields of Energy Evolution Using Monitoring Sensors Inside the
Reactor. This arrangement is generally regarded as an advance on those already considered [2]; it main-
tains the energy profile constant in the reactor, not only while recharging the fuel elements, but also during .
any unforseen service anomalies, In addition to this, a multichannel regulation system with a well-devel-
oped array of sensors inside the reactor is capable (subject to a correct choice of parameters) of stabil-
izing the spatial instability of the fields of energy evolution over a wide frequency range.

The multichannel regulator comprises a group of local regulators with autonomous sensors conhected
to each other through the active zone. The number of local regulators or regulation zones is chosen after
considering the diffusion and thermophysical characteristics of the active zone and providing for the speci-
fied monitoring efficiency. By monitoring efficiency we mean the smallest possible ratio of the maximum
neutron flux recorded by the sensors to the true value of the maximum flux [3].

Figure 5 illustrates the distribution of the energy deviations from the steady-state case, subject to
multichannel regulation. We see from Fig. 5 that this multichannél form of regulation is in 1o way inferior
as regards the maintenance of spatial energy evolution to the arrangements already considered, and it is
superior to these in its ability to maintain the required distribution i theé eveiit of any unintentional randoin
perturbations or any kind of instability. :

Another important advantage of the multichannel arrangement is the fict that in the case of large in-
tentional local perturbations of reactivity requiring a preliminary reduction in the reactor power, the
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multichannel control system avoids a universal reduction in reactor power, since the power only has to be
reduced locally in the region of the envisaged perturbation, Figure 6 shows the energy deviations from a
certain nominal value for this method of compensating perturbations.

In addition to the foregoing multichannel control system, we may also encounter another version in
which the ordinary integrated-power regulator works in conjunction with a system of local regulators. The
great advantage of the first arrangement is the monotypic nature of its structure; a disadvantage is the
necessity of rapid action (it must be no worse than that of the ordinary automatic-control system), indepen-
dently of the characteristic times of the field surges; this demands very reliable and practically inertia-
free local sensors. In addition to this, in order to realize the transient power condltlons it is essential to

synchronize the settings of each local regulator.

An advantage of structural schemes of the second type is that the required rapidity of action of the
subsidiary local automatic control system is determined by the actual characteristic times of the misalign-
ments. This enables a broader set of internal reactor monitoring sensors to be employed. Furthermore,
since the automatic control system is capable of operating independently of the system of local automatic
regulator, it may simply be brought into action as and when needed [4]. ‘
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ANALYSIS OF THE STABILITY
"OF THE NEUTRON-FIELD CONTROL
'SYSTEMS IN A POWER REACTOR

B. N. Seliverstov, N, P, Rudov, UDC 621.039.512 : 621.039.562
~and F. F. Voskresenskii '

Modern high-power reactors are characterized by large active zones and a high specific power of
each unit volume in the active zone. When the reactor is in operation, the neutron field is distorted, as a
result of various physical processes, and this may lead to accidents.

The creation of automatic-control systems increases the degree of maintenance of the neutron field,
alleviates the work of the operator, improves safety, and increases the economic efficiency of the reactor
as a whole [1].

One of the most important criteria of the efficiency on a neutron-field control system is its stabiiity.
This problem becomes even more important when using inertial monitoring sensors situated inside the re-
actor,

There are a number of ways of constructing neutron-field regulators. The simplest of these is a
group of local automatic regulators in which each regulator has its own internal sensor, servo drive, and
control rod (or group of rods). As a result of the coupling which exists between different neutron fluxes of
the active zone, the neutron-field control system belongs to the class of multiply connected automatic-con-
trol systems.

An analysis of the operation of such multiply connected systems involves a great deal of calculation
owing to the high order of the differential equations describing the dynamics of the system.

The equations may be greatly simplified by writing them in matrix form and using matrix-type struc-
tural arrangements (Fig. 1). In Fig. 1 Wy}, is the transmission matrix of the object being regulated (the re-
actor) with dimensions n xn (hem n is the number of 1ocal automatic regulators); Wreg is the transmission
matrix of the neutron-field regulator (by virtue of the identical nature of the local regulators); 8&, AK, 0d,
are the vectors of the output variables perturbing the system and specifying the action upon it;

Weeg= WiegE, 6
where E is the unit matrix and Wreg is the transmission function of the local automatic regulator.

Each element in the transmission matrix of the object characterizes the transmission of particular
actions in a linear dynamic system and reflects the dependence of each output of the system on each of its
inputs. Since the influence of a perturbation in the j-th regulation channel on the i-th channel is equivalent
to the influence of the i-th perturbation in the j-th channel, the matrix Wop Will be symmetrical.

) . Let us consider the form of the elements in the transmission matrix of a reactor without any power
feedback

At the initial instant after the introduction of an abrupt perturbation into the neutron breeding coeffi-
cient, there is a corresponding redistribution of the neutron flux with respect to the active zone of the re-
actor by virtue of the higher harmonics of the interaction [2]. This process ends in fractions of a second,
after which a certain asymptotic period of change in the neutron flux is established, this being the same for
all channels within the plateau zone (zone of uniform flux).

Translated from Atomnaya Energlya, Vol. 39, No. 5, pp. 333 336, November, 1975. Orlglnal article
submitted December 13, 1974. \
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Fig. 1. Matrix structural scheme of a
multiply connected automatic neutron-
field control system:.

Neglecting the time required for the redistribution of the neutron flux on account of the higher har-
monics, we may express the matrix Wop, in the form

KiS+h KgipS+3
% 5 e

S 4 ‘ ' o
Wy — £12S_T7‘K_i‘§ﬂ . . @
K,,,S+x KiS 44
o

where K;> Ky, i #1. In matrix form the equation characterizing the operation of the multtply connected |
automatic control system is

(E + Wobwreg) 0= vvobAK + VVobvvregb_d)ﬂ' ’ . (3)

If the local automatic regulators are disposed at a fair distance from each other (several migration
lengths), the form of Wop, becomes simpler. It is well known that for a fairly slight perturbation Ak , the
change in the shape of the neutron field associated with the prompt neutrons extends over a finite part of the
active zone lying close to the region of perturbation. Hence in the case of fairly well-separated local auto-

matic regulators

KS+M KoS+h  KpS+A

S S S R
\vobz e+ st ele 4 2 e e 2 s s s e o = K‘LS:S:}—L E+ KlSS_l_;" B, (4)
KoS+h KoS+A KyS4-A
S T K S
where E is the unit matrix
i.
101...1 :
B-||' T | Kk | )
1 . 10

Let us determine the conditions for the stable operation of a multiply connected automatic- control
system for the particular case in which the local automatlc regulators lie at a distance of several migra-

tion lengths from one another,

Allowing for the form of the matrix Wreg (1) and that of the ob]ect transmission matrix (4), we apply
the decomposition method to the original multiply connected automatic-control system [3]. We introduce
new coordinates, connected to the old coordinates by a nondegenerate coordinate transformation matrix C:

6=C150; Q= CAK; ¥ = (18,

where ®, Q are the vectors of the quantity to be regulated and the perturbation in the new coordinate sys-

“tem respectwely, ¥ is the vector of the actions specifying the envisaged changes. The equation of the mul—‘

tiply connected automatic-control system in the new coordinate system may be written thus-

[E+ (B e 1S 1h 1BC) Wi | 0=

K¢S K,S - A _
= *S“ E 4 T255% C1BC) (Q+ Wiegh).
The matrix B* =C~!BC is similar to the matrix B, sb that their characteristic numbers coincide. If we

take the matrix of the canonical basis as C, we obtain the simplest canonical form of the matrix B [4].
the present case the matrix B is symmetrical. The canonical forms of symmetrical matrices are always

‘diagonal, while their characteristic numbers are always real, i.e.,
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MO...0
T [
0 . O\,

'Remembermg the form of the matrix B, it is not hard to determme its cha.racterlstlc numbers (eigen-
: values)

M=h= ... =hpoy= —1, hy=n—1,

where n is the number of local automatic regulators.

) Thus, by using the nondegenerate transformation matrix C we may pass to an equivalent system con-
sisting of smgly connected systems, the structure of n — 1 systems belng identical. The characteristic -
equation of the closed system A =—1)is:

14 Wreg —K)= ‘ (6)
In an analogous way, for A =n — 1 the characteristic equation will be:
. ‘
1+Wreg[K1+K2(n—_'1)+nT]f—‘0- ' (7
By way of example, let us consider a typical form of the transmission function of the regulator:

o Kreg
Wreg = ST oy ®)

' Applying the Gurwitz criterion to Egs. (6) and (7), we obtain the stability condition

T\+T (Ty+To)2 nh .
K l» 2 — 2 9
reg << T K+ Kz (n—1)} TT3 [K4+ Ky (n—1))2 ©)

We see from Eq. (9) that with increasing n the coefficients Kreg have to be reduced in order to ensure the
stability of the multiply connected automatic-control systems. In other words, with increasing number of
local automatic regulators the stability of the multiply connected neutron-field automatic-control system
becomes less favorable. In addition to this, it follows from Eq. (9) that with increasing distance between -
the local automatic regulators (for n=const) the stability of the multiply connected automatic-control sys-
tems worsens, although strictly, on the basis of the assumptions here made, such an assertion is only valid
for n=2.%*

Analogous results may be obtained in a more general form on the following assumption. At a certain
instant of time let a perturbation Ak‘nt uniformly distributed over the active zone be created, in which
Aklnt =Akiltj. By virtue of the identical nature of the local regulators we may consider that the laws gov-
erning the changes in 8 ®i(t) and AkT®E (t) are identical withinall of the plateau zone. Then as a result
of the mutually consistent correspondence between the Laplace transfor mation and the time characteristics
of the system the following equations will be satisfied:

8D, (8) = 6D;(S) = 5O

(10)
Ak{eg(s): AKSE(S) =

Allowing for the form of the object matrix (2) and Eq. (10), the equation of the multiply connected
automatic- control system (3) may easily be transformed into the equation of the following smgly connected
system: : .

(1 Wieg 3} W) 60 = 3} Wik + 77 g 2 Wb, an

*The foregoing method of analyzing the stability of multiply connected automatic-control systems is most
effective for large power reactors with L?/M? > 1000, for example, those of the Beloyarsk and Leningrad
Nuclear Power Stations (L is the characteristic dlmensmn of the reactor, M is the migration length).
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- ‘ _
where 2,W;, is the sum of the elements of the i-th line in the matrix Wop. In order to ensure a reserve
=1 , . :

of computing capability, it is convenient to take max 3 W;;, Remembering that W;; = Kiigi’", we obtain
1gign j=1 ' s

the following stability condition for Wieg=- Sm’%(égzm; .
Ty4Ty  (Ty4-To)? nd . ' (12)

Kreg< 7.k T, K&

where.

n
K=K+ (;21 Ki!)max'

i

It is not difficult to see that condition (12) coincides with (9) if as coefficient K, in the latter we take Ky =
n .
K! = max 2.K;;.
fgign j=1
n—1

In analyzing the stability of the multiply connected automatic-control system regulating the neutron
flux in a reactor with negative feedback, the transmission matrix Wy may be greatly simplified if we use
the laws of the adiabatic method and express it in the form

W0b= HI/VD (13)
where W,. is the transmission function of the point model of the reactor with negative feedback, H is the
static matrix of transfer coefficients of order n xn describing the deviations of the neutron flux.

Applying the decomposition method with respect to the matrix equation (8) of the closed, multiply con-
nected automatic-control system with due allowance for Eq. (13), and also remembering the identical na-
ture of the local regulators, we may obtain an equivalent system of n singly connected mutually independent
systems (by virtue of the symmetry of the matrix H). The characteristic numbers of the matrix are not as
simple in form as those considered earlier, and have to be calculated with an electronic computer [5].

For the multiply connected system to be stable, the stability of all n singly connected systems of the
equivalent system must be ensured. It is thus sufficient to apply any criterion of stability n times.

The neutron-field regulator comprising a group of local automatic regulators just considered executes
two functions: It regulates both the neutron field and the average power. However, whereas the neutron-
flux-distribution regulator does not have to be very fast acting, the average-power regulator must be very
rapid in order to ensure normal safe operation of the reactor.

. Thus, it is of practical interest to consider automatic-control systems consisting of two subsystems:
one to regulate the neutron field (local automator regulator group) and one to regulate the average power
(automatic regulator), the rapidity of action of the second system being an order of magnitude greater than

that of the first.

The influence of the perturbations of AkL, on the average power of the reactor, in accordance with the
statistical weights of the constituents, is exactly the same for any cell of the plateau zone, and is described
by the transmission function of the point reactor, Wy. For the particular system under consideration we
may write : '

. .
8; == 21 W ise5— Wi g gAkap, : (14)
j=!

where 8j =Ak-—-Akjreg; Akjreg, AkapR are respectively the qhanges in the ke of the j-th 1oca1 automatic
regular and the average power regulator; WiAR is the transmission function allowing for the influence of
the automatic regulator rods on the deviations of the neutron flux in the i-th cell. Allowing for the oper-
ating principles of the average-power regulator, we may write ’

WarWe < r
Ak Ap = ———r ei=W €, 15
AR 1+WARWI gi J j;l j ( )
979

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1



Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1

where WAR Is the transmission function of the automatic regulator. In Eq. (15) W is the transmission func-
tion of the closed average-power regulation system. Since the rapidity of action of the latter system is
much greater than that of the local automatic regulators, the average-power regulatmg system is decoupled
in tlme from the local-automatic-regulator system.

Putting . :
'_ Kar , __'KI-(S'.!'MY
WAR'— m y Wl' _‘T_J
we obtain
WatafR | g
C e (16)
j=1 'S-fo .
'Ailowihg for Eqs. (15) and (16); we may rewrite Eq. (14) thus -
00, = Z (Wii—WipR e - - an

_ Let us consider the interaction of the neutron-field regulator and the average-power reglﬂator for a
reactor free from temperature dependent reactivity effects. In this case

KyS+1 iARS -2
‘Wvu'=-LS+—.‘ WiAR_%L (18)

Allowmg for (17) and (18), the matrix equation of the closed multiply connected automatic control system
(3) may be written as follows:

(E+ KWeg) 6 = KAK + KW, 6D, (19)

where -

(20

Knf—KepAR -+« - - .. Ky —Knar|

Allowing for the identical nature of the local regulators (1) and applying the decomposition method to
Eq. (19), we obtain an equivalent system consisting of n singly connected systems, which are described by
equations of the following form:

(144 [eg)@ =} reg‘lf +A;0;,
where Aj is an eigenvalue of the matrix (20).
It is convenient to analyze stablllty in a singly connected system with A =A .., which may be deter-

mlned from the equation

A‘max<Kﬂ+ max 2 |K11_ ‘IAR‘
igisn j=1
#i]
Using the Gurwitz criterion, we obtain the condition for the stability of a2 multiply connected auto--

matic-control system with regulators characterized by the following trans mission function of form (8):

Ti+Ty 1 21)
-Kfeg< T\Tz Amax’ (

where T; and T, are the time constants of the local automatic regulators — see Eq. (20).

Comparing Eqs. (21) and (12), we see that the system of local automatic regulators is more stable
when operating in combination with the average-power regulator than without it. This is explained by the
change in the form of the transmission function of the object (the object is described by a static chain), -
which increases the reserve of stability of the system and reduces the maximum eigenvalue of the ob]ect
matrix, i.e., the amplification factor of the transmission function of the open system of the singly connected
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scheme diminishes. In an analogous way we may obtain a similar result for a reactor with negative feed-
back due, for example, to temperature-dependent reactivity effects, :
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SOLUBILITY OF FLUORIDES OF CERTAIN ELEMENTS
"IN LIQUID URANIUM HEXAFLUORIDE i

N. S. Nikolaev and A. T. Sadikova UDC 541.123.23 :546.791.6 : 546.16

“In connection with the development of modern methods of isotopic separation of uraniu, the require-
ments for quality of uranium hexafluorides have increased, which has required an elucidation of the be-
havior of individual impurity elements in liquid uranium hexafluoride. The source of contaminants is the
technological processes and operations on the processing of uranium raw materials and irradiated mate-
rials (fragment elements). The general background contamination consists of both volatile and nonvolatile
fluorides. The problem is complicated by the fact that most of the chemical elements are impurities in
uranium hexafluoride. '

It can be assumed that in industrial UF;, impurities will not be present in a saturation state. Conse-
quently, the solubility serves as an index of the contamination limit of UF, by a given element. And yet, the
information on the solubility of impurities in UFg is extremely limited [1-4].

This work discusses the solubilities of impurity elements in the form of fluorides in liquid UF, at
temperatures above the triplet point.

The soluble components used were fluorides of the alkali elements (Na, K, Rb, Cs), the alkaline-earth
elements (Ca, Sr, Ba) and Mg, the rare-earth elements (La, Pr, Nd, Sm, Eu, Gd, Ho), Sc and Y, three
d-transition elements (Cu, Ni, Fe), Cd and Al, Ti, and Th, Nb and Ta, xenon difluoride,* and, finally

*Provided by the L. V. Kurchatov Atomic Energy Institute.

Fig. 1. Solubility diagram of metal fluorides in liquid UFg,

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 33’8:?;43, Novémberv, 1975. Original article
submitted December 18, 1974.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication inay be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 1. Solubility of Fluorides of Various uranyl fluoride, which is practically always present
Elements in Liquid Uranium Hexafluoride in UFg, i.e. 27 fluorides of different elements, rep-
resenting all the groups of the periodic system, as
Periodic Mean- s . s
system Fluoride | ¢, 5 | »moles/ squa?e: S well :fls uranyl fluoride, vn.rere investigated. All the
group 10008 |oior fluorides, were prepared in the laboratory and con-
, ‘ formed to the basic requirement — they were absolutely
I | NaF { 0,74 | 1,7-1071 | 0,05 | 220 anhydrous. '
IégF 8'?2} 1 ,g-m—: 0,03 | 220
CsF 0.38 ‘;’: 5:18_2 8:82 %%8 The solubility was determined in a 30-ml copper
: autoclave at 50-60 atm. The assembly of the autoclave
i 1(”;‘35'2 8’%; 2’7.10_; 0,00 | 220 (with setup of the lid) was performed by means of steel
a , 4,1-10°2 | 0,02 | 220 i i -30-
STF: R B B ﬂanges with bolts u,?mg a Teﬂ?n gasket. A 20-30-g
BaF, 0.17 | 9.6-10-2 | 0,01 | 220 portion of UF; was introduced into the autoclave (the
, volume of the liquid phase did not exceed 6 cm3), with
11 AlF 045 | 1.8.10-2 [ 0.03 | 220 the fluoride to be dissolved in amounts sufficient for the
ScFa 0143 |1)3:102 {001 | 220
. ! '3.10-2 | 0, . - . R _
YF: 0077] 53105 | 0'0z | 20 ft?rmatlon ofa S.O].ld phase, and 1t. was placed in a cru
%BF:; 0,068| 3,4-10°3 | 0,001 | 220 cible furnace with regulated heating. The solubility was
NaE, 0ota| 81010 | 000a | 320 determined at 220 5 and 100 + 5°C for nonvolatile and
SmF 0,091 [ 4,4-10-3 | 0,011 | 220 olati i i .
o : pipe 3,“0_2 gt | 320 volatile fluorides, respectively
ﬁggi 8:83(75 }:g:}& 8:%’5 220 The sample was exposed at the set temperature
for 30-40 h (with mixing), then the solution was allowed
v 'ﬂn 0,78 | 6,3-40°% 1 0,05 | 220 to stand at the same temperature for another 40 h which
Ty 0,10 | 3,2-107 | 0,01 | 220 was 3-4 times greater than the time necessary for
v NbF; * 6,86 | 3,710t | 100 reaching equilibrium. After standing, the autoclave was
TaFs 2,86 | 1,0-107 100 .~ rapidly immersed in liquid nitrogen, which corre-
- U0gFy * 0407 | 3,510 | 0,00 | 220 s_ponded to fixation of the solution (method of quench-
ing).
0 XeF, *  h6,7 (1,0 0,3 100 ' ' To determine the solubility of nonvolatile fluo-
FeF, 0.020| 2,5-102 | 0,003 | 220 rides, I{F,6 was removed from t'he col}ected sample by
NiF, 0,154 1.6.10-% | 0,006 | 220 evacuation at 80-90°C, and the impurity element was
gggz . 81(1’57’7 5’1?11333 8:8(2’2 ggg _ analyzed in the solid residue. To determine the sol-
LI S - ' ubility of volatile fluorides (TaF;, NbF;, XeFy), the en-
*The results obtained correspond to the tire sample collected was subjected to hydrolysis by
data of [1, 2, 3]. : introducing the sample into ice, and only then was the

analysis performed.

A1l the operations on loading and collection of samples were performed in a dry box, dried with
anhydrone and liquid nitrogen (the temperature in the box was lowered to —20°), The results obtained are
presented in Table 1, '

A systematic study of the solubility of fluorides in UFg permitted the establishment of patterns in the
solubility of various fluorides. A diagram was compiled (Fig. 1) on which the atomic number of the impur-
ity element was plotted along the x axis, and the logarithm of the solubility along the y axis (the solubility
C was expressed in moles per 1000 g of the solution). The values of the solubilities for MoF,, WF,, and
WF;, marked by asterisks, were taken from [1] and pertain to a temperature of 70°C. The diagram cited
shows a definite periodic correlation of the solubility of various groups of elements in liquid UF; with the
atomic number of the slement.

Within the periods, as the atomic numbei‘ of the element increases, the solubility decreases from

- monofluorides to trifluorides, and then increases significantly in the transition to penta- and hexafluorides.

In 3-6 periods, the minimum solubility falls on the trifluorides of Al, Sc, Y, and Ln, respectively; more-
over, the fluorides of the lanthanides, represented by three "light" (La, Pr, Nb) and four "heavy" elements
(Sm, Eu, Gd, Ho), in accord with the structural difference (fluorides of the light lanthanides possess a ty-
sonite structure, while fluorides of the heavy lanthanides possess an yttrium trifluoride structure) were
separated according to solubility into two subgroups: in the first the solubility of the lanthanide fluoride
decreases with increasing atomic number of the element from La to Nd, while in the second the solubility
varies in the following order: SmF;=EuF;> GdF;=HoF;. '
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Fig. 2. Dependence of the variation of the solubility of fluorides of
elements of periods 3-6 of the periodic system in UF, on the crystal
lattice energy. Above the projection, along the visually selected mid-
plane, constructed using the methods of description geometry along
two projections: lower part of the figure and Fig. 3.

Fig. 3. Dependence of the solubility of fluorides of metals of groups
I-III in UF; on the polarizing strength of the cation Z/r.

TABLE 2. Comparison of the Solubility of
Fluorides of Elements in Uranium Hexafluor-
ide with the values of Their Crystal Lattice

Energies
Periodic
. C, moles/ | U, kecal/
system Fluoride
period 1000 g mole [7]
3 NaF 1,7-40-7 217
MgF, 2,7-10-2 695
AlFs 1,8-40-2 1440
4 KF 1,0-10+4 194
CaFy 4,1-10°2 624
ScF3 1,3-10-2 . 1281
5 RbF 5,6-10-2 184
SrF, 1,6-10-2 588
YF, 5,3-10-3 1275 %
6 - CsF 2,5-10-2 172
BaF, 9,6-10-3 566
LaF3 3,4-10°3 1245 *

*The energies were calculated aceording to

the Kapustinskii formula,

* The lowest sol ubility among the lanthanide fluorides is possessed by NdFg, which agrees with the first
region of crystal chemical instability established by Dzhurinskii [51, in whlch in partlcula:r an extreme

value of the solubility is observed.
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TABLE 3. Comparison of the Melting . TABLE 4. Comparison of the Experimental
Points of Certain Fluorides and Their Sol- values of the Solubility and Those Calculated
ubility in Liquid Uranium Hexafluoride According to Eq. (1)
Fluo-| . e~ |C, moles/| Fluo= o~ |C, moles/ ' C, moles/1000 g .
ride T, C 1000 g ilride T“?' ¢ 1000 g Fluoride chrepancy
; : expt. cale.
AlF; | 1040 | 1,8-10-* | ThF, |600—700 3,2-18-3
ScF 1515 | 1,3-102 | NpF5 | 78,9 | 3,6-10- _ _
YF, | 1425 |5.3.10-3 | TaF, | 96,8 |1,0-107t Xr 1,007 ) 083407 1 007
LaF, | 1726 | 3,4-10-3 | MoFs* 17,5 | 1,0 : 55 10-2 "3.40-2 e
TiF, |. 248 |6,3-10 | WFg*| 2,3 [1,0 CaF 54072 4 3,34 +0.80
4 ! 6 ' ! CaF, 4,1-10-2 3,6.10°2 —0,50
SrF, 1,610 | 1,54.10-2 —0,06
_— BaF, 9,2-10-3 6,310‘2 —3,30
s : ,3-102 ,8-10-2 ,
*The values of the solubility were taken QPF“‘; é’3.10—3 (1;,3.18-3 ‘ 1,“‘1’,38
from [1]. . 1 LaFs 3,4-1073 2,9.10-3 —0,50

ortgC The decrease in the solubility of the transition from

' fluorides of the alkali metals through the alkaline-earth fluor-
‘ides to fluorides of sp(Al) and d(Sc, Y, La) elements, corre-
sponds to an increase in the charge (valence) of the element.
The crystal lattice energy of the compound to be dissolved

' & : varies radically in the same order. The correlation between
: the solubility of the fluoride and its crystal lattice energy U
. ~—— ! is cited in Table 2. For fluorides of the s, sp, and 4f ele-
o Tl ments, the values of the crystal lattice energies deviate from

the assumption of an ionic character of the bonds according
to the Born model or the simplified calculations of Kapustin-

) 1 1 ] i 1 } skii [6].
w2 s 4 8 o Z
Fig. 4. Solubility of fluorides of the - From the. qata of Table 2.11: follows that Wl.thlr.l the per-
lkali metals in liquid UF, at the te riods the solubility of the fluorides decreases with increasing -
2 L metas 1., 68 m- crystal lattice energy of the fluoride to be dissolved (Fig. 2).

peratures 220 (1) and 150 (2) °C. The further increase in the solubility of the fluorides in the
: transition to tetra-, penta-, and hexafluorides is due to the
nature of these compounds.

The difference is determined by the fact that fluorides of groups I and II are classed as ionic-type
compounds, whereas fluorides of elements with a greater valence are classed as fluorides with a mixed
bond type, and the compounds MeF, and MeF; are closer to molecular, while the hexafluorides are typical
molecular compounds with an intramolecular covalent bond. The observed change in the solubility of the
fluorides can also be compared with the qualitative characteristic of covalence of the bond in the com-
pound — with the melting point (Table 3). ' :

From Table 3 it is evident that the least soluble trifluorides possess the highest melting points. This
agrees with the theoretical calculations, which show that the energy of a mixed ionic—covalent bond of tri-
fluorides is greater than the energy of purely ionic or purely covalent bonds [8].

~ For tetra- and pentafluorides, a substantial decrease in the melting point is observed, which corre-
sponds to an increase in the covalence of the bond (an exception is ThF,, the solubility of which is close to

_ the solubility of fluorides of the lanthanides). The hexafluorides, as typical covalent compounds, possess

an extremely low level of the melting point; since the bonds between molecules of the hexafluorides are pro-
vided for only by van der Waals forces, the passage of the molecules of a soluble hexafluoride into solution
occurs with a negligible energy expenditure,_which also provides for the increased solubility of the com-
pounds. : : s '

The change in the solubility of fluorides of the elements according to groups indicates a decrease in
the solubility with increasing atomic number of the element. Such a variation of the solubility is evidently
associated with the decrease in the polarizing action of the soluble cation and the increase in its radius. It
is known that the polarizing strength of a cation has a negligible influence on the crystal lattice energy. In
nonpolar solvents (for example, in uranium hexafluoride), the polarizing action of the cation promotes the
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TABLE 5. Values of the Solubilities for for mation of a supplementary bond between ions of the
Fluorides ofthe Rare-Earth Elements substance to be dissolved, as 4 result of which the sta-
C. moles/1000 : ~ bility of this system is increased. Such "extractability"”
- Fluoride - moles/ 5 }EJ-‘ r i of the dissolved phase in comparison with crystals in-
expr. calc. -.nfgg [.%ll - creases the solubility of the substances as the radius
' of the cation decreases [9], which is inversely related
3 3 y
LaF 3,410~ 3,110~ 1245 | 1,04 i i -
P:FZ 55105 | 35103 1360 | 1’01 to .tf.le influence of the crys.tal lattice energy on the sol
NdF3 8,5-10-‘; 4,4.1073 1265 | 0,99 ubility. It has been established that when various fluor-
W 40 403 5 0 . . . . . . o .
%‘315,3 ’5:;"}8_3 : 218.18_3 P A . ides dissolve in liquid UFy, the greatest solubility in the
(};{dFs 1,8-10:; 5,3-18:3 1230 0,9% | - groups is exhibited by fluorides in which the cation pos-
oFs 1,610 4 h 1325 1 0,8% sesses a lower radius: in group I the greatest solubility

is possessed by NaF, in II by CaF,, in III by AlF,,

in IV by TiFy, and finally in V by VF;. An exception is
MgF,, an important peculiarity of which is the very high
crystal lattice energy in comparison with the lattice
energy of the fluorides in this group: MgF, 695 kecal,
CaF, 624 keal, i.e., the difference is ~70 (!) kecal.

*The energy was calculated according to
the Kapustinskii formula.

It is known that a quantitative criterion of the polarizing strength of a cation is the ratio of the charge
of the cation Z to its radius r. The relationship between the solubility C and the polarizing strength of the
cation Z/r in a logarithmic scale for the fluorides of groups I, II, and Il is shown in Fig. 3. From the dia-
grams considered earlier (see Figs. 1-3) it is evident that the solubility of fluorides of the elements is re-
lated to the crystal lattice energy of the fluoride to be dissolved and the polarizing strength of the cation.

In this case it was found that in space with coordinates log C, log Z/r, and log U, the experimental points
found, expressing the solubility of the ionic fluorides in UFg, lie in one plane (see Fig. 2). This permitted
us to find an analytical expression describing the solubility of the fluorides of groups I-III in liquid uranium
hexafluoride: :

lgC-=7.701gZ/r—7.361g U 4 16.75, . - (1)

“where C is the solubility of the metal fluoride; Z/r is the polarizing strength of the soluble catlon, U is the
crystal lattice energy of the soluble fluoride.

The coefficients in this equation were found by the method of least squares [10]. The equation con-
tains components showing that the solubility of the fluorides is determined by opposite tendencies: by the
polarizing strength of the cation and by the crystal lattice energy; the first value of the solubility increases,
while the second decreases (Table 4).

The values of the solubility for NaF, MgF,, and AlF; deviate frém the established dependence and can
be explained by the minimum valués of their ionic radii, which differ sharply from the ionic radii of the
corresponding element homologs.

We also calculated the solublhty according to the equation derived for other ionic compounds. This
pertains primarily to fluorides of the rare-earth elements, for which the crystal lattice energy can also be
calculated according to the Kapustinskii formula, since the basic valence electrons organize structures of
an ionic character (Table 5).

It is evident that for four fluorides out of seven, the experimental and calculated solubilities are in
satisfactory agreement. It should be kept in mind that the solubilities of trifluorides of the rare-earth ele-
-ments occupy the lowest position on the solubility diagram (see Fig. 1), and this determines the highest ex-
perimental and analytical tolerance for them. Satisfactory agreement between the calculated and exper-
imental values of the solubility was also obtained for CdF,, which possesses a fluorite structure, forwhich
calculat;on of the crystal lattice energy according to Kapustinskii is applicable: Cexp=l 1-10°2, Ceale=
1.8-10-°.

Considering the arbitrary, semiempirical nature of the value of the crystal chemical radius and tak-
.int into account the approximate, and in certain cases (for elements of group III) tentative, nature of the
values used for the ionic radii in the calculations of the values of the crystal lattice energies, the agree-
ment of the calculated and experimental values of the solubilities obtained can be considered satisfactory.

986

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1

We also considered the influence of temperature on the solubility. For fluorides of the alkali metals,
an increase in the solubility with the temperature was established (Fig. 4) [11], from which it is evident that
the solubility isotherm at 150°C for the alkali fluorides does not violate the general correlation,

In conclusion, letus note that the established pattern evidently is more general and can be extended to
the investigated ﬂuondes of groups IV-VL The place of fluorides of higher valence of groups 1V-VI, pos-
sessing a more pronounced covalent character, * will be deter mined by the rule following from the g'raph-
ical accomodation of such fluorides (see Fig. 1). This is illustrated by the experimental values of the sol-
_ubilities for pentafluorides of niobium and tantalum, for which the values of the solubility were obtained af-
ter the detection of the indicated pattern and fitted well on the diagram. For ionic fluorides, an estimate of
the solubility can be performed on the basis of the values of the crystal lattice energies and the polarizing
strength of cations of soluble fluorides, in accord with the established principle.
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RADIOLYSIS OF ACID SOLUTIONS OF POTASSIUM
'IODATE IN CONTACT WITH A SOLUTION
"OF TRI-n-BUTYL PHOSPHATE IN HEXANE

E. V. Barelko, G. S. Babakina, v UDC 541.15
and I. P. Solyanina

One of the important problems arising in the development of extraction schemes of regeneration of
spent fuel cells of fast reactors is the investigation of the principles of the behavior of the radidiodine for
a reduction of its radiation chemical influence on the extraction reagent and the preventlon of contaminatioh
of the surrounding environment [1].

The radiolysis of organic substances containing iodine has thus far been studied primarily under con-
ditions of a homogeneous system: in pure hydrocarbons [2-5] and in hydrocarbon solutions of tributyl phos-
phate (TBP) [6-7].

The yield of radiation chemical capture of molecular iodine according to Schuler [2] in hexane at very
low doses was 3.8 molecules/100 eV, The value of G(—1I,) is a function of the dose and temperature, and at
large doses it drops to 2.2 molecules/100 eV at 25°C [5]. In the presence of TBP in the same dose range,
the yield of radiation chemical capture of I, reaches 4.6 molecules/100 eV [6]. Experiments on the radiol-
ysis of molecular iodine in a solution of TBP +hexane, into which HNO3 was also introduced, giave a value
of G(—1,) equal to 5.5 molecules/100 eV. However, in the radiolysis of a two-phase system [8] containing
an aqueous nitric acid solution of fission products and a solution of TBP in a kerosene diluent, the yield of
the capture of iodine by the organic phase was only 0.1 molecule/100 eV. In this case the integral dose re-
ceived by the system reached 2.28 - 10%° eV/ml, i.e., was comparable with the range of doses of irradiation
used in [5, 7]. The low yield of the radiation capture of iodine of the organic phase was explained in [8] by
competition of oxygen and oxides of nitrogen with iodine for the accepting of radicals arising in the organic
prhase under the action of radiation.. The chemical forms of iodine were not investigated in this case.

One of the possible forms of radioiodine present in aqueous nitric acid solutions of nuclear fuel sent
for extraction processing is iodate [9, 10].

The 7y radiolysis of KIO; in alkaline solution was investigated in the greatest detail by Haissinsky
et al. [11], who established a correlation between the yield of the decomposition of iodate, the sum of the
yields of its reduction products and the radiolysis products of water. Practically the only published work
devoted to the radiolysis of KIOg in an aqueous solution of sulfuric acid gives no idea of the ratios between
the reacted initial form and all the forms of iodine produced during radiation reduction, in particular, I,
[12]. The absence of such data may be associated with the fact that under these conditions iodine readily
enters into reverse reactions under the action of radiation,

In this work we discuss the influence of radiation on the process of passage of iodine into a solution
of the extraction reagent (TBP +hexane) from acid aqueous solutions of potassium iodate, containing sulfuric
and nitric acids (systems deaerated). The procedure of experiments in H;SO, solution under such model
conditions substantially simplifies the interpretation of the results, since it eliminates questions of compe-
tition of nitric acid and oxygen with forms of iodine for the active intermediate radiolysis products of the
aqueous and organic phases. The use of n-hexane as the diluent (instead of the industrial diluent synthine)
in turns simplifies the analysis of the radiolysis products, without significantly changing the chemical
mechanism of the processes, which is practically the same for saturated hydrocarbons with different chain
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8

Fig. 1. Chromatogram of the organic phase ir-
radiated in contact with a sulfuric acid solution

of iodate (a). Peaks: 1) CHjl; 2) CoHjl; 3) 2-CaHyl;
4) 1-CgH,I; 5) 2-C Hgl; 6) 1-C,Hyl; 7) 1-CsHyyl; 8)
2-CgHysl; 9) 1-CgHysl. Chromatogram of the organic
phase (b), irradiated in contact with a solution of 0.2

1,80, (——).

———-)and 1.12- 1072 M I03+0.2 M
Peaks: 1) 1-C,Hyl; 2) 2-CgHyl; 2"

1-C¢Hy3l33-7) isomers of dodecane; 8) n-dodecane.

“ s o oG

Tz 7 4.0 .10 0 0@ 50
Dose, W -h/liter Dose, W -h/liter

LS

Fig. 2. Kinetic curves of the decomposi-
tion of TO3 at an initial concentration of
5.6-10~* M (a) and 1.2+ 1072 (b) in a solu-
tion of 0.2 M H,80, and formation of alkyl
iodides in the organic phase: e) decom-
position of I03; C) ZRI; O) SCH I %)

TCHyl; A) CoHI; w) £C3H/I; @) CH;L

lengths [13]. It is convenient to compare the results ob-
tained with the published data on homogeneous systems,
devoted chiefly to the radiolysis of solutions of iodine in
n-hexane; such a comparison brings us closer to an un-
derstanding of the mechanism of iodination of the organic
phase in a more complex, two-phase system.

The irradiation of two-phase systems was performed
on a %%Co setup, containing 200,000 gram radium equiv-
alents. The dose rate was 18 W/liter, dose range 0.3-50
W h/liter. The experiments were conducted in glass am-
poules with intensive mixing. ' '

TBP and hexane were subjected to standard purifi-
cation; cp grade KIO;, H,SO,, and HNO; were used. The
solutions were prepared in distilled water. The basic
method of analysis of the radiolysis products in the or-
ganic phase was chromatography.* The instruments were
a Khromass-2 (MKh-1312) with mass spectrometric detec-
tor and a Tsvet-106 with electron capture detector, a so-
called detector of constant rate of recombination of ions

(DCR). The standard substances for a comparison of the retention times were alkyl iodides: CHjl; CoHgl;
1-C3H,I and 2-CgH,I; 1-C,Hyl and 2-C Hl; 1-CgHyyl; 1-CgH sl and 2-CgHyl, grade "pure,” which were sup-
plementarily purified by boiling over copper shavings, followed by redistillation under vacuum.

'ChrOmatographic Columns and Systems of Analysis. The Tsvet-106: Column length 2.7 m, inner di-

ameteT 4 mm, carrier gas "special purity” nitrogen. Gas flow rate: 40 ml/min through the column, 140

*The passage of water into the organic phase was also deter mined by the method of labeled atoms, using -
solutions of iodate labeled with ¥, synthesized according to [14], as well as by a spectrophotometric

method (on an SF-8 instrument),
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TABLE 1. Radiation Chemical Yields of TABLE 2. Radiation Chemical Yields of
Alkyl Iodides Alkyl Iodides
Concn. of I0g, M ) ' Concen. of I0g, M
Substance - ) Substance -

: - 5,6-10-4 1 1,12.40~8] 5,6.10~8 | 1,12.10-%] ) » 1,1.1078 1,12.10-2
Methyliodide | 0,02 | 0,02 | 0,01 | 0,02 | Methyl iodide 0,02 0,04
Ethyl'iodide 0,06 0,04 0,06 | 0,13 : Ethyl iodide 0,03 0,06
2-Propyliodide| 0,02 0,06 0,08 | 0,40 | Z 1,2-Propyl iodides 0,02 0,06
1-Propyliodide| 0,02 0,01 0,04 0,09 . Z1,2-Butyl iodides 0,02 0,06
2-Butyl iodide 0,01 0,1 0,10 0,06 § . 1- Amyl iodide - 0,01 0,02
1-Butyliodide 0,05 0,13 0,16 0,20 : - £ 2-3-Hexyl iodides 0,31 0,58
1-Amyliodide [ 0,01 0,02 0,08 0,03 1-Hexyl iodide 0,07 0,16
31 Hexyl 045 | 0,27 | 0,50 | 0,39
2 icdide
1-Hexyliodide| 0,04 0,06 0,19 0,14 . G (ZR]) 0,48 0,97
G (XRD 0,38. | 0,62 1,16 1,16 ‘ G (—103) 0,50 | 1,14
G (—103) 0,42 0,64 0,93 1,20

ml/min through the detector, column temperature 70°C, in-
TABLE 3. Content of Alkyl Todides in the " put 180°C. Stationary phase Chromaton-SE-30 (Czechoslo-
Mixture, % : - vakia), Khromass-2. Length of the capillary column 25
Two-phase sys- | Homogeneous ‘m, dla:meter 0.2 mm, carrier gas he?lium, rate of.ﬂow 60
: tems with 1%)3 systems with I ml/min, column temperature 80°C, input 200°C. Stationary
C
ompounds | TEP +| hex- 20% TBP +|hex- | phase aplezo“ L.
hexane ane |hexane [6]|ane [8
[6]ane (6] The concentration of 1odate in the aqueous phase was
£1,2,3-Hexyl 50 80 35 e measured by a polarographlc method. The initial and irra-
5 1_102 1385 L _ diated solutions were neutralized with 1 M NaOH and then
iodideust y . 20 > 3 8 diluted with water to a background concentration of 0.1 M.
£(C;-Cg)iodides | . 30 15 30+ 17 | - . . . N )
v . | » ' The results of radiolysis of a sulfuric acid solution
S — - of iodate (1.12+1073 M), conducted in the range of doses
*Calculated from the data of [6] according 1-30 W-h/liter, showed that the radiation yield of the de-
to the difference between G(—I;) and composition of iodate does not exceed 0.02-0,03 molecule/
Gz (Bul +Hel). ‘ 100 eV, which is evidence of its radiation stability under

these conditions.

~ The radiolysis of sulfuric acid solutions of potassium iodate in contact with the organic phase (25%
solution of TBP in n-hexane or n-hexane) was investigated in the interval of iodate ion concentrations 5.6 ¢
10~%-1.12-10~? M. It was found that under the action of radiation there is a passage of iodine into the or-
ganic phase; the amount of the iodine transferred depends on the radiation dose and the I0; concentration
in solution, and the yield of the decomposition of IO, is far higher than under conditions of radiolysis of the
aqueous phase alone, Spectrophotometric analysis of the irradiated organic phase in the ultraviolet and
visible regions of the spectrum showed that the basic iodine-containing products detected in the investigated
dose range are alkyl iodides, and to a small degree the complex TBP - I2, the formation of which was as-
certained in [15].

Figure 1a presents the general view of the chromatogram of the irradiated organic phase, taken a
Tsvet-106 chromatograph with a DCR detector, The peaks detected coincide with the peaks of a stindard
mixture of C,;-C, alkyl iodides in n-hexane solution. The form and resolution of the peaks permitted cal-
culations of the yields of these compounds with an accuracy of ~25% for low-boiling alkyl iodides (Ci—C3)
and with an accuracy within 5-10% for high-boiling alkyl iodides (C,~Cg).

Figure 1b presents samples of chromatograms (Khromass-z instrument) where together with the
peaks of butyl and hexyl iodides, isomers of dodecane were identified according to [16]: 5-diethyloctane,
4-ethyl-5-methylnonane,5,6-dimethyldecane,5-methylundecane + 4~ ethyldecane and h-dodecéne, For
comparison a chromatogram of the same system, irradiated in the absence of iodate, is given; it is evi-
dent that when iodine passes into the organic phase, the yield of "dimers" — basic radiolysis products
of hexane in the liquid phase — drops sharply,

990

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060004-1

Fig. 3. Samples of chromatograms of the
organic phase, irradiated in contact with
nitric acid solutions of I03: a) Tsvet-106
chromatograph; b) Khromass-2. HNOj
concentration: 1) 0.1 M; 2) 0.2 M; 3) 1 M;
4) 2 M; 5, 6) 0.1 and 1 M (without iodate),
respectively. Peaks: 1, 2, 3, 4, 6) prod-
ucts of nitration; 5) 2-hexyl iodide; 7)
1-hexyl iodide.

oM
6
5
v
4 ~”
5
2+~
2 :
1 ! _/
1 4 | | |
0 7 2 [HNG, M .0 85 10 15 wow?
Fig. 4 Fig. 5

Fig. 4. Dependence of the concentration of reacted iodate (O) and the sum
of the alkyl iodides (s) on the HNOg concentration.
Fig. 5. Dependence of 1/G on the iodate concentration in a solution of 0.2
M H,S0,.
Figure 2 shows the kinetic curves of the raidiolytic decomposition of iodate at initial concentrations
of it in the aqueous phaseat5,6.10~* M and 1.12- 10-2 M (1) and, correspondingly, the accumulation of alkyl

iodides (2-6) and their sum (7) in the organic phase. From this figure it follows that up to the radiation
doses at which approximately half the iodate breaks down, constancy of its decomposition yield, with which
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the yields of alkyl iodides are correlated, is noted. This correlation is well observed according to their
sum, according to their basis components, especially according to hexyl iodides, and evidently also exists
for light iodo derivatives, the accuracy of the determination of which, however, is insufficient for a final
conclusion of this kind.

The constancy of G(—1I03) in the case of large mltlal concentrations of iodate (followed polarograph-
lically) was maintained up to high degrees of decomposition; however, the formation of alkyl iodides prac-
tically ceased in this case. Individual experiments conducted using iodate (1) showed that the cessation
of the accumulation of alkyl iodides corresponds to.a sharp slowdown of the capture of iodine by the organic
phase. In experiments with low concentrations of 103, analogous phenomena were observed qualitatively.

From Table 1 it follows that with increasing iodate concentration, the summary yield of alkyl iodides
increases. Within the limits of the error of the analysxs the composmon of a mixture of alkyl iodides ev-
idently can be considered unchanged.

Data on the radiolysis of pure hexane in contact with solutlons of potassium todate (1.12-10-%M; 1.12-
10~2 M) in 0.2 M H,SO, are cited in Table 2.

Comparing these results with the data of Table 1, we can see that the yields of the decomposition of
iodate and the summary yields of the alkyl iodides formed in this case, determined for two-phased systems
containing and not containing TBP, practically coincide within the limits of error of the measurements.
However, a substantial difference is the fact that in systems containing TBP, the relative content of butyl
iodide in a mixture of alkyl iodides increases approximately 3-4-fold, while the fraction of hexyl iodides
drops correspondingly. The data cited are evidence of a direct participation of the extraction reagent in
the process of iodination. An analogous effect was also observed in an investigation of process of nitration
of hydrocarbon solutions of TBP [17].

Experiments with nitrie acid solutions of iodate were conducted :it an initial iodate concentration of
1.2-10-? M and a dose of 12.3 W. h/liter; the HNOg concentration was varied from 0.1to 3 M. An attempt
was also made in this case to identify the basic iodine-containing radiolysis products.

Figure 3a presents a typical chromatogram of the organic phase possessing 15 peaks.

: By‘varying the components of the irradiated phases: hexane, TBP +hexane in the organic phase and

HNO,, 103 +HNO; in the aqueous phase, and also by comparing the data obtained with data on the radiolysis
of IOz in HySO, solution, lt is possible to identify the peaks characterizing the iodine compounds in the in-
vestigated system.

1. The peaks 2-7, 11, 12 belong to normal and isomeric alkyl iodides (C;-Cg).

2. Peaks 13-15 were assigned to the high-boiling radiolysis products of hexane, containing not only
iodine, but also fragments of HNOg (the NO, NO,, NO; groups).

3. Peak 9 cah be assigned to iodine-containing nitric acid compounds, formed from TBP. In the ra-
diolysis of sulfuric acid solutions of iodate, as well as nitric acid solutions that do not contain IO3, peaks
9, 13-15 were not detected.

4. In the case of contact with concentrated solutions of HNOjg, 'in addition to peaks 1 and 10, the peaks
of other alkyl nitrates appeared, the time of emergence of which under the conditions of the chromato-
graphic column used was close to the time of emergence of the alkyl iodides.

The use of chromato-mass spectrometry permitted a distinct identification of 1- and 2-hexyl iodides
against a background of the basic nitration solutions, in particular, 1-C;H,;NO, and 2-C.H,NO, (see Figs.
3-6).

_ From a comparison of the results of analysis obtained by the indicated chromatographic methods, we
determined the yields of alkyl iodides (C4-C¢). From Fig. 4 it can be seen'that with increasing HNOg con-
centration from 0.1 to 3 M, the yields of alkyl iodides dropped practically to zero, but a decomposition of
iodate is noted, although the radiation yield of this decomposition is substantially lower than in dilute solu-
tions of nitric acid. In this case it approaches the value reached in HySO, solution. Since the difference be-
- --tween the yield of the decomposition of iodate and the sum of thie alkyl ioedides formed exceeds the error of
their determination, it can be concluded that the decomposing I5 is converted to compounds characterized
by the chromatographic peaks 9, 13-15 (with increasing HNO; concentration, the areas of these peaks ac-
tually increase). ‘ : :
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The aggregate of the data obtained permit the establishment of some features of the mechanism of
the radiation chemical capture of iodine by the organic phase in the radiolysis of two-phased systems con-
taining 103 in the aqueous phase, Thus, comparing the results obtained for sulfuric acid solutions with data
on the radiolysis of homogeneous organic systems in the presence of molecular iodine [5, 6], it can be con-
cluded that within the limits of accuracy of the published data and our own data, the composition of alkyl
iodides, their relative content in the mixture (Table 3), as well as the nature of the influence of iodine on
the yields of isomeric dodecanes (see Fig. 2) in homogeneous and two-phase systems coincide. The data
obtained per mit us to assume that 103 is reduced in the aqueous phase through lower oxides to I,.

In view of the low concentration of iodate, it can be considered (according to [11]) that its conversion
is related to the indirect action of radiation, absorbed chiefly by water, the reductive components of the
radiolysis of which (H atoms) are the basic reagents, ’

The negligible yield of the reduction of I03 in an aqueous acid solution at concentrations ~5- 1074
5.10-3 M in the presence of an organic phase increases to the values obtained in [11] for alkaline solutions,
and considering reducing equivalents, leads to an approximate agreement with the yield of the reductive
component of the radiolysis of water (Gg), calculated from the function Gy =5G (~103) and equal to ~4 [18].
At high concentrations of IO3, Gy even exceeds this value. To explain the low yield of the reduction of 107
in aqueous solution, it should be assumed that the reduction of 103 and the iodine-containing compounds in
a lower valence state arising in this case is competed with by the oxidation of these compounds by the oxi-
dative component of the radiolysis of water (OH radicals) with regeneration of 103.

In this case it should be considered that in acid solutions the solvated electron €aq, ‘egisting _chieﬂy
in alkaline solutions, is replaced by H atoms, which are weaker toward the reducing agent than 8,5, [18].

Thus, the stimulating role of the organic phase in the radiation reduction of iodate can be explained
by rapid extraction of molecular water, protecting it from the oxidizing influence of OH radicals; by inter-
ception of the OH radicals themselves by organic molecules at the interface (it is known that the OH radical
reacts with saturated hydrocarbons according to the reaction: RH +OH —R +H,0 with very low activation
energies [19]); by diffusion of H atoms formed in the organic phase, with their participation in the reduction
of IO;. The latter assumption would explain the yields of the decomposition of the iodate ion greater than.
would correspond to the known value of Gy in water. According to [2, 5], molecular iodine extracted from
the aqueous phase is attacked by radicals and charged particles of the organic phase, giving.alkyl iodides.

Although it is evident that all the enumerated processes in which H and OH participate can play a def-
inite role in the reduction of iodate, the selection of the process controlling the rate of formation of alkyl
iodides on the basis of the data obtained is still difficult. A mathematical treatment of this complex system
is still premature, and we limited ourselves to a comparison of the data on the dependences of G(—103) on
the 105 concentration and the dose with simplified models. It was found that this dependence can be de-
scribed by the expression :

11 K
sr—to = Grr=tog (1 T o7 )

obtained on the assumption of the existence of one particle that reduces 1037, which is destroyed according
to a first-order law. Figure 5 shows the linear dependence of 1/G(—103) on 1/[I0z]. Extrapolation of
1/G(—103) to zero 1/1-103] gives a value of Gy(—IO3) corresponding to a value of Gy which is approxi-
mately 50% higher than the value of the yield of the reductive component of the radiolysis of water now
known [20], Possible causes of this were indicated above.

Experiments conducted with a nitric acid solution of iodate are evidence of a more complex combina-
tion of radiation chemical processes in comparison with sulfuric acid solutions. Thus, the decrease in the
yield of the decomposition of iodate in moderately concentrated solutions of HNO, in comparison with solu-
tions of H,80, indicates an inhibiting role of HNO;. This role may be reduced to an interception of the re-
ductive component of the radiolysis of water, as well as to chemical oxidation of the forms of iodine of
lower valence, formed from IO;, Possibly in the presence of nitric acid in the aqueous phase, the extract-
able forms of iodine also change: together with Iy, products of the type of INO, INO,, etc. are obtained. The
experiments also indicate the possibility of the formation in the investigated system not only of alkyl io-
dides, but also of bifunctional co mpounds, containing nitric acid groups and iodine, where the latter pre-
dominate in concentrated solutions of HNOs. It is known that organic radicals formed in the photolysis of
mixtures containing hydrocarbons, halogens, and nitrous oxide are capable of giving bifunctional com-
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R Hal
pounds of the type of >C< [21]; however, the properties of such compounds have not been studied.
R~ NO :

On the basis of our data on chromatography, it can be asserted that the boiling point of such com-
pounds, obtained in radiolysis, is significantly hlgher than the boiling point of the corresponding alkyl io-
dides. .
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SUPPRESSION OF VOLUME MODES OF THE FLUTE
INSTABILITY IN AN OPEN MIRROR PLASMA
BY MEANS OF AN ELECTRODE FEEDBACK SYSTEM

V. V. Arsenin and V. A. Chuyanov UDC 533.951.8

In a number of recent expex"iments [1-3] it has been shown that it is possible to suppress surface
modes of the flute instability in open mirror plasmas by means of a feedback system which controls an
electromagnetic perturbation field outside the plasma. This system consists of electric potential (field)
probes at the side surface of the plasma and external side electrodes whose potential is kept proportional
to the signals from the corresponding probes by a special electronic circuit. Volume modes are not sup-
pressed in such a system since, first of all, a side probe does not detect oscillations whose field goes'to -~
zero near the probe, and second, the field due to the side electrodes decreases toward the axis oftheplasma
and does not follow the structure of the radially oscillating field produced by the charged plasma particles,
Proposed methods of stabilizing the volume modes include controlled sources [4-7] (for example, by means
of weak beams acting directly in the plasma volume [6]) or a system with probes and electrodes located at

the ends of the plasma [8].

In the present paper it is shown that the largest scale volume modes may also be suppressed (have
their growth rate significantly reduced) by means of a surface system (side electrodes) if these modes are
made observable by "measuring™ the oscillations within the plasma. In this case it is not necessary to
measure the disturbance throughout the plasma volume. It is sufficient to know it on a single radius. Smce
now the field of the surface (external) charges cannot everywhere compensate the space charge, the insta-
bility remains but its growth rate can be made arbitrarily small.

Model. Dispersion relations. To simplify the notation we shall use a "plane" model. Let a plasma
located in a uniform external magnetic field By|| z, fill the plane layer 0<x<a, and have the density dis-
tribution

N=N0(1 —%) | (1)

in this layer. A "gravitational" force with acceleration g acts in the x direction imitating the effect of the
inhomogeneity in the external magnetic field in the actual mirror. We assume that the plasma is bounded
by a metal surface at x=0, and by a vacuum at x=a —c. We shall examine the stability of this distribution

with respect to "flute" perturbations in the electrical potential,

@ — @ (2) cos (ky — wt - L) e¥t - (2) sin X (ky — wf - L) eV, 2)

where the quantities ¢, ¢, ¥, o, v, and ¢ are real.

For simplicity we shall limit ourselves to the case of a rarefied plasma with w g <«<w pj, where wgyj =
(4meN o/ my) 1/%s the ion Langmuir frequency and wgj =eB°/ mjc is the ion cyclotron frequency. Then, in the
expression for the induced plasma charge density wave, p, only the convective term is significant and, after
separation of the "cosine™ and "sine" parts, the Poisson equation, A® =—47 p, reduces to a system of two
equations

¢ —ko—hp+pp="0; @
V' —kp—h—po=0, _ @

Translated from Atomnaya Energiya, Vol. 39, No, 5, pp. 350-352, November, 1975. Original article
submitted December 13, 1974.
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Fig. 1. For the solution of Eq. (17): —)thefunctlon s 2 ’1‘.“73%."-‘;

- —-) cos Ba.

Fig. 2. Radial structure of the oscillations for o =0, 8 %0,

where, for a two fluid model

kod, ® o+kV 7 . ' .
7»(0J V)= 25:' [m2+Y2 m+kv)2+v2J " ' ®
y v
B (o, V)“ a5, [oﬂ»-.wz_ (m+kV)"+v2 ] ©

Here V=g/wpi is the drift velocity of the ions in the grawtatlonal fleld
The solution which satisfies the boandary conditions on the metal wall N (0)=y (0)=0, is

¢=Ashaxcos ﬁz; )
Yy =Achozsinfz, _ (8)

where A is a real constant, and the real quantities, ¢ and B are related to A and i by the dlspersmn rela-
tions

a?—Bt— k2L ); 9
20p = p. (10)

The wave numbers ¢« and 8, as well as the frequency spectrum, are determined by the boundary con-
ditions at the free surface (x=a) of the plasma.

If a metal wall is located at x=b, a distance from the plasma boundary much less than the character-
istic wavelength k=1, then [to within k(b —a)] ®(a) =9 (@)=0. Here, & =0; and B =n7 /a. The oscillations

in the n-th mode are unstable with density and have o}; = wg, — (Ic2a2 -+ n2n?).

Let us assume that at the bounda_ry of the plasma there are boundary conditions which differ from
those on a simple conducting wall. Let the potential difference & (b, y,t) —® (a, y,t) across the gap
a < x<b be kept (by a system of probes and electrodes with an electronic Cchult) proportlonal to the poten-
tial of some interior surface x=x; with x;<a: '

?(d)—e (a) 8 (z1) — & (21), (11)
Y (0)— P (a) =8P (z)) +&Q (z4), ' (12)
where 6 and & are real (For & = 0 there is a phase shift.).* Then, from the continuity of the potential and

of the normal component of the induction at the plasma boundary with the vacuum, we obtain (for k (b —a) <«
1) the following system of (dispersion) equations for finding « and B'

oach aa cos pa — Ba shaa sinfa —§ b - ch az, sin Bz, =0; ' (13)

sh oz, cosPxy +&

aa sh aa sin o+ Pa ch aacosPpa — & ia chox, sin fz; —e

5 bia shar,cosPry=0. (14)

*We note that to maintain these conditions, measurements at two points (x=x, and x=g) are required.
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Oscillations with Different Spatial Structure. We shall examine the system of Egs. (13)-(14) in the
special case of € =0, where it takes the form . '

aachaa cos fa —Pashoa sinfa = § 'b_iT sh oz, cos Bzy; ‘ (15)

aashaa sinBa +pachaacosPa =8 > ia ch oz, sin Pz,. (16)

There exist three types of solutions. .
1. =0, 8 = 0.* For a=0 Eq. (15) is evidently satisfied and Eq. (16) reduces to the form

fa cosPa=1>5 ﬁ sin pz,. a7

If x,=a an infinite set of B's is obtained, of which the smallest value of B is on the order of a-!, For x;,<a,

as can be seen from Fig, 1, the smallest value of Ba may become >1 (1 e., the oscillations may have

"shorter wavelengths) For x;<«a a sufficient condltlon for the absence of roots Bx;<11is
[8]-2— > 1 (18) _

From Eq. (9) it follows

When Eq. (18) is satisfied, the smallest root Ba is of order ,3

that as Bmma becomes larger for increased 6 the threshold for instability with respect to density w111 in-
crease as B2 min® 2 while the growth rate decreases. :

2. B=0, a=0 (Surface Waves). For 8=0 Eq. (16) is satisfied identically‘anli Eq. (15) takes the form

ocachoca=§'bia shaz. ‘ , (19)

This equation has a nonzero solution if & x1/ b—a)> 1. This unique solution increases logarlthmlca.lly wtth
0. From Eq. (9) it follows that the oscillations are stable provnded
a=>k. 20)
This type of wave is possible only for positive &.
3. The system of Eqs. (15)- (16) may have solutions for which @ =0 and 8 =0 s1multaneously As-
suming x;<«a we find roots a, B «x~". In this region Eqs. (15)-(16) take the form

chaacosﬁa—% shaasinfa =8 h_xia H ' (21)
%shaasinﬁa—f—chaacosﬁa=6 bia , ' (22)
shaasin fa=0; | 23)
from which
2 - (24)

chaacosfa=06—"—.

Since it was assumed that a # 0, it follows from Eq. (23) that 8a =n7,n=1, 2, . For 6 >0onlyevenn
are allowed as can be seen frOm Eq. (24); and for § < 0, odd n. Eq (24) is soluble for ¢ if & (— "5 z‘ ->1.

i z
Then o = Arch [a(_l)nl:*;].

An instantaneous picture of the potential in the oscillations with o = 0 and 8 = 0 is shown in Fig. 2.
As opposed to cases 1 and 2, in osclllatlons of this type there is an additional wave propagating in the x di-
rection. For example, for aa >»1 the potentlal in the region x»oz'1 has the form

@ = Cens+1t cos (Bz— ky + 0t + 1) S (25)

*The root a =0, 8 =0 corresponds to the trivial solution ¢ =3 =0.
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If the number 8 (the "radial" mode number) is fixed, then the growth in @ as § increases is a stabil-
izing influence on the oscillations, We shall demonstrate this in the case of a plasma whose density is much

greater than threshold when the growth rate y >»kV so that the single fluid model is valid, In this case Egs.
{9)-(10) may be rewritten in the form

K2Vl
(=B — B = o (26)
. . . e s . E2Voy 12 .
For « =0 this equation gives an instability with w =0 and =[a—mm2)— . As ¢ increases the growth
rate decreases. For a2>k? +B2 the growth rate is
Ve, \1/2 g *
Y= ( amB(:i ) % ’ : . ’ @7

Thus, a feedback system with external contrclling electrodes and probes within the plasma can have
a stabilizing effect, not only on the surface modes, but also on the lowest radial modes of volume flute os-

cillations.
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*Since stabilized flute oscillations witha =0 and g # 0 have negative energy, weak pumping of waves w1th
a > B#0 is accompanied by flow of energy from the plasma,
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FOCUSSING INTENSE ELECTRON BEA MS
BY A LONGITUDINAL FIELD

V. K. Plotnikov ~ UDC 537.533.2

’
i

In recent years there has been great interest in linear inductive electron accelerators with high-inten-
sity beams and in injectors for various machines used to study collective particle accelerating techniques.
In this case there are strict requirements on the beam parameters at the output of a linear inductive elec-
tron accelerator, One of these parameters is the phase volume of the transverse motlon, which should be
minimal. For random choice of the initial values of the parameters of the transverse motion and of the

- strength of the longitudinal focussing magnetic field, numerical calculations [1] have shown that the effective

phase volume of the beam due to nonlinearities in the intrinsic fields increases significantly during the ac-
celeration process. This effect will not occur if there is a stationary distribution function of the particles
in phase space. Clearly, it is necessary to seek sufficiently easily realizable stationary distribution func-
tions and external field configurations, A possible type of self-consistent solution of this problem for the
case in which the density of particles increases monotonically (a nontubular beam) toward the beam axis is
the subject of this paper.*

Derivation of the Self-Consistent Equations.. Since the beam is axially symmetric it is convenient to
use cylindrical coordinates, r, ¢, z (The longitudinal z axis coincides with the beam axis.)., We shall as-

sume that the external longitudinal magnetic field H is uniform over the radius. Then the equations of mo-
tion in a Gaussian system (in the absence of relativistic conditions in the transverse direction) have the form

U _
y dt ('yr)—rcp +29r(p+ my3 “ar (1)

'—, [vr2 @+ )} =0

Here SZ eH/2mc‘y, e and m are the charge and rest mass of the electron c is the speed of light ¥ is the
takes into account the effect of the ¢ -th component of the intrinsic magnetic fleld of the beam.).
From the second of Eqgs. (1), we find an integral of the motion, '
M=t (p+9), @)

which signifies the angular momentum of the particles with respect to the beam axis. Finding o from Eq.
(2), substituting & in the first of Egs. (1), integrating, and again returning to'p by substituting from M from
Eq. (2), we obtain the second integral of the motion,

=12 + Q%2 4 (r(p +rQ)2— U (r) @)

which is proportional to the energy of transverse motion of the partlcles.

In view of the axial symmetry of the beam the coordinate ¢ does not enter in the integrals of the mo-
tion. This makes it possible to consider the motion in a three-dimensional phase space, r, T, ry [3]. It is

* The problem of matching a beam with a focussing channel to a longitudinal field was first examined in 21;
however, there only the microscopic phase space distributions of the particles was considered.

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 353-356, November, 1975. Original article
submitted October 30, 1974.
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the beam. Using the notation i = Fie and o (z) =ﬁv3—$§::1)‘?—2 , we obtain an expression for the second inte-
gral of the motion (assuming R and @ to be constant):
i= 22+ v} +vi —2a(2). ‘ ' : (4)

. The phase space distribution function of the particles-is stationary if it depends only on the integ'ralls
of the motion. We shall consider the case in which the cha.rge density in phase space is given by the func-
tion

n= (iy— i)t ny= [iy— 2> —v; — V5 + 2a (:1:)]‘1 ng
for 1<ip; (5)
n:Q for i>1i,, ' (8)
where i, is the integral of the motion corresponding to the boundary of the phase volume; if,lno is the charge

density in the center of the phase volume; and, q is an integer (q=0). For x=1, we have vy =vyp =0. Thus,
the value of the integral i, (for particles with oseillation amplitude R) is

fg=1—2a (1) =1 — 20t ()

Different values of q give different values of the drop in density toward the edge of the beam ranging
from an equilibrium density (g=0) to a 6 function in the center (q=«). For intermediate values of q, a bell-
shaped density distribution is obtained, which makes it possible (by selecting q) to approximate the actually
occuring distribution with some accuracy. From the Poisson equation we find the relation of U to the par-
ticle density in real space p, and p in turn is expressed in terms of n by the relation

p= S n dvy dug, . (8)

where the integration is-over limits deter mined by Eq. (4) for i=iy The integration yields

oo Mg 2 (. (9)

Substituting the expression for p (x) into the formula for U, and U into Eq. (5) we obtain an integral equa-
tion for the unknown function o (x):

x2 14
a(a)=4m0 [ | 1—20—t + 20 @1 R L
[\

T+ )T ) (10)’

In Eq. (10}
__ TmeingR2 ) ) -
T eyH®r (11)
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The constant A may be expressed in terms of the beam current I by means of the expression

7 2 H2R2+-2

— — =Tey ? )

2n .§ p(ryrdr g fi( 4), (12)

where the density n, is related to A and the beam parameters through Eq. (11). One of the basic beam pa-
rameters is the magnitude of the phase volume Since it is easiest to obtain a measurement of the projec-

“tion of the phase volume Vi on the r plane, myr, we now give the relation between Vy, the beam parame-

ters, the constant A, and the field strength H:

1
V,= ZHR SV1—2a0 — P F 20 (2) de = 22X 1 (4). ' , (13) -

:nmc2

Equation (10), together with Egs. (11)-(13), allows us to find self-consistent expressions for the boundary
of the stationary phase space volume of the beam and for the radial charge density distribution, and to es-
tablish the relations between the beam current, the radius, the phase volume, the energy, and strength of the

focussing magnetic field.
The solution to Eq, (10) will now be sought in the form

= 2 Chzk. . (14)
k=1

Since a power function of x lies under the integral sign in Eq. (10), writing o as a sSeries also results, after
m’teg‘ration in a series, This series has only even powers of x because of the axial symmetry of the beam.
Substituting Eq. (14) in Eq. (10) and equating coefficients of equal powers of x on the right and left sides,

we find expressions for Cy in terms of A and a,, the relationship between whlch is determined by ay=c (1)

Dividing Eq. (12) by the square of Eq. (13), we ehmmate H and obtain an expresswn linking. only the
parameters of the beam and A:
2e (1+q) I
F(A)zfi(A)fz(A):WﬁY—mgzq——z' (15)

Knowing F(A), it is possible to find A as a function of the known parameters of the beam. Then, sub-
stituting this quantity in Eq. (13) solved for H, we can obtain the intensity of the focussing field at which the
beam will have a stationary distribution function: '

H="220"1(4). (16)

It is of interest to consider two limiting cases which allow the problem to be solved completely in
analytic form. Let the coefficient in front of the integral in Eq. (10) satisfy

>t (17)
(Marge current® case). Then the function under the integral of Eq. (10) tends to a constant value, 1 = 2¢,,
in the interval 0 <r <R. This takes place because for large A the coefficients Cy with large k in the ex-
pansion for «(14) are the largest (it is easy to see that in general each succeeding coefficient is expressed in
terms of the product of the preceding coefficients multiplied by A; thus, the higher the number k, the higher
the power of A in the numerator of the coefficient Ci. Only after some k does the increase in the denomin-
ator, which contains k%, begin to overcome the growth in the numerator.). As a result, the term x2% has the
largest value, correspondmg to the largest Cy, and as A increases the quantity 1 — 2 (x) approaches a
table-shaped (square pulse) form.

Substituting the value of the function 1 — 2a, under the integral into Eq. (10), integrating Wlth x=1 and
approx1mate1y solving the resulting equation, we have

(it VD ' _
1~2a0~(2AR2q) . , (18)
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from which, taking Egs. (9) and (11) into account, we find an expression for the constant (across the beam
area) charge density:

pom -2 (19)

2me? ~

The dependence of the strength of the focussing field on the beam parameters is obtained from Eq. (12) and
is ' ' » '

_ R Vf2mc I . (20)
Equation (13) and (11) make it possible to find the relation between the two-dimensional phase volume Vy

and A, and to rewrite condition (17) for the applicability of Egs, ( 18)~(20) in terms of the beam parameters:
' 1 BelR?  i+q ‘ ’
?[ngy—;] > 1 Lo 1)
For small densities ("small current® case)

ARq <<1 ' - 22)

We shall neglect « and ¢4 in the part of Eq. (10) under the integral. Then

1+q ‘
_ eyH™RA [ _ airg  24R% (A—z22+e-p o
(1—1-q)mc (1 JL‘) - 2--q E 2-+-q—p ]’ (23)
p=0 '

Integrating Eqgs. (12) and (13), including the function ¢ (x) and eliminating A from the result, we find
H as a function of the beam parameters,

_ meV, V el R? (3+29—2p)t 2
TR [1 TV e Z CHe—pnTC+9—p) @
and rewrite Eq. (21) in the form

el R?

Tamegyvy <1 (25)

Interpretation of Results. In the three-dimensional phase space r, r, r¢ the trajectories of particles
having the same integral i lie on the surface described by Eq. (4). Fori=i, this surface is the boundary of
the matched phase volume of the beam. The surface i =const is symmetric with respect to the plane r =0.
In the case of a small current the surface is an ellipsoid, the projection of which on the plane f¢ =0 is a
canonical ellipse, and on the plane T=01is an ellipse with axes rotated relative to the coordinate axes by an
angle ¥ (see Fig, 1).

A family of trajectories with the same integral M forms a cylindrical surface parallel to the r axis.
It is clear from Eq. (2) that the equation of this surface is independent of the phase density of the current.
Evidently, the phase trajectories of the particles are the lines of intersection of the surfaces M=const and
i=const. For M=0 the azimuthal velocity r¢ is also zero. Thus, the projections of the phase trajectory of
a particle with M=0 and 1 =i, on the planes r =0 and ry =0 coincide with the boundary of the projection of
the phase volume on these planes for arbltra.ry current, but the amplitude of the oscillations of such a par-
ticle'is maximal.

Depending on the iﬁcrease in the phase density, the phase volume begins to transform from an ellipse
into a figure whose projection on the plane r¢ =0 approaches a rectangle, and on the plane r =0, a parallel-
ogram (The dashed line in the figure denotes the cross section of the phase volumes of the corresponding
planes.). ' '

It is easy to see that for any value of the density, n,, the cross section of the phase volume in the
planes r =const has different maximal dimensions in the directions r and r¢. For small currents the ratio
of the greatest dimension in the r direction to the beam radius R (ratio_of the semiaxes of the matched vol-
ume) is
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r eH . .
r]l}“ax = omey (26} )

Knowing rmax; it is easy to obtain an expression for the values of the phase volume in the r, r and r,ro
planes (We denote the volume in the second case by Vi .). Substitution of the aperture radius a into these
formulas transforms them into formulas for the throughputs Vi and Vig : :

Vir= Vip= —2&2 @n

2me? *

In the case of large currents the main defocussing factor is Coulomb repulsion of the particles and
pot the initial scatter of the particles in transverse velocities. Thus, for large currents the choice of the
magnetic field strength and the aperture determines the limiting current,

nefyH?a? (2 8)

2me !

him =

and the phase volume of the beam may be arbitrary, subject to Eq. (21). The ratio of the semiaxes of the
matched volume is given by »

rinax _ 7eVr (29)

R~ &R

All this leads to a need to include a new element in a linear inductive accelerator, a matching channel
located between the electron gun and the focussing channel of the accelerator itself. Along the length of the
matching channel the phase volume of the beam must be transformed from its initial form (determined by .
the gun design) to a matched form without destruction of the axial symmetry of the beam. Since both pro-
jections (Vy and V) of the phase volume must be transformed at the same time and to the same degree,
the elements of the matching channel must evidently be lenses with a longitudinal magnetic field. At the
moment the beam particles leave the cathode they have equal probability of moving in any transverse direc-
tion, i.e., the projections of the phase volume of the beamon ther, r and r, rtp planes are equal. 'If there
is no magnetlc field on the cathode, the moment, M, for particles Wlthr = rp=0is zero. The quantity M
for each particle is kept constant not only in a longltudmally uniform field, but also for H varying along the
z axis (law of conservation of the generalized azimuthal momentum [4]). Thus, if the field at the cathode
is zero, the phase volume is automatically matched with respect to the angle of inclination to the axis in
the r = 0 plane.

Therefore, a stationary distribution of the particles in phase space may be obtained for any value of
the phase density and for various radial drops in the beam density space. For very high values of the phase
density, the matched particle density distributions in real and phase space are uniform. Obtaining a sta-
tionary distribution function assumes the presence of a definite form for the phase volume of the beam at
.the inlet of the focussing channel. This leads to a requirement for a new element in the linear inductive
accelerator, a matching channel. Matching of the phase volume with respect to the angle of inclination of
the axes in the plane of the azimuthal motion takes place automatically if there is no magnetic field at the

electron beam cathode of the accelerator.
The author is deeply grateful to V. S. Kuznetsov, R. P. Fidel'skaya, G. I. Trubnikov, I. M. Kapchin-
skii, and A. A, Drozdovskii for constant interest in this work.
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DEPOSITED PAPERS

A LIQUID-METAL REACTOR CONTROL SYSTEM

E. Ya. Platatsis, E. - Ya. Tomsons, UDC 621.039.515:621.039.59
V. V. Gavars, A, E. Mikel'sons,

Yu. A. Roshcheev, N. N. Pef{rov, and

and Yu. A. Sobolev '

Recently, systematic studies have been made of control and protection systems for nuclear reactors
employing various liquids [1, 2]. A liquid-metal control system is considered whose essence is that a mol-
ten alloy is supplied to a cavity within the core. Two alloys have been tested: InGaSn which has a high neu-
tron cross section, and GaSn which is an inert alloy.

The control principle is based on replacing one alloy by the other in the controller (Fig. 1). The lig-
uids are separated by elastic membranes and do not mix, and they circulate along pipelines to a balancing
tank and controller. The alloys are circulated and kept at the necessary volume relationship in the control
unit by electromagnetic pumps.

This system has been used on a critical assembly at the Institute of Physics, Academy of Sciences of
the Latvian SSR. The control unit was placed in the graphite reflector at a distance of 70 mm from the edge
of the core. The system has been used as a power compensator or manual control for more than two years.
The overall change in reactivity on removing the neutron absorber from the controller is 0.3759, and oc-
curs in 7-8 sec.

The system provides stable maintenance of a given power level in the assembly. The performance
is dependent on the amount of alloy of each type in the controller, and it varies nearly linearly. Also, such
a controller has higher thermal stability than many liquid controllers of other types,whileithas ahlgh neu-
tron absorptlon cross-section and is free from radiolysis products in the absorber. The working materials

¥
-2
7\t>(/ 1 //7
%4%
14t ]
}:/
%
c/ % 4

Fig. 1. Structural diagram of the liquid-metal control
system: 1) core; 2) reflector; 3) pipework; 4) mem-.
branes; 5) compensator; 6) electromagnetic pumps; 7)
controller,

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 358-361, November, 1975.
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are liquid metals, so there may he some corrosion of the constructional materials above 600°K, which hin-
ders material choice.

The results indicate that after final development of the individual units, the system can be recom-
mended for use in reactors with small geometrical dimensions.
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‘Original article submitted December 13, 1974.

THE METHOD OF SUCCESSIVE LINEARIZATION
"IN PROBLEMS OF OPTIMIZING NUCLEAR '
'REACTOR OPERATING CONDITIONS

V. V. Khromov and A. A. Kashutin ‘ ' UDC 621.039.516 : 621.039.526

This paper is devoted to the development of the method of successive linearization [1, 2] for optumz-
ing nuclear reactor operating conditions by computer calculations. .

A method is formulated for optimizing refueling for a given reactor power distribution during the op-
erating period. Criteria for optimum conditions are formulated in terms of linear-fractional functionals of
the neutron distribution and various characteristics of the isotopic composition of the fuel. The controlling
parameters of the problem which are varied to achieve optimum reactor operation are the volume fractions
of the fuel with a different power production in each reactor region, the useful life of the reactor between
refuelings, the sizes of the regions, the enrichment of the initial fuel loading, the placement of the controls
for reactivity compensation and energy release rate, and their volume fractions during the operating pe-
riod. A broad class of refueling conditions is considered which satisfy the following criteria: from each
reactor zone the fuel may not only be discharged into storage but also reloaded into other zones; fuel which
has achieved the allowed burnup is discharged only into storage; fuel in storage which has not reached the
allowed burnup can be recharged into the reactor in the latter stages of operation; in refuelmg fresh fuel
can be loaded into each reactor zone.

The apparatus of linear perturbation theory has been developed to calculate burnup and refueling [3, 41,
and efficient methods are proposed for calculating the spatial and temporal neutron distributions and the
isotopic composition of the reactor [3, 5] per mitting an appreciable shortening of the calculations involved
. in solving the optimization problem with an admissible loss in calculational accuracy.

The proposed method serves as a basis for a complex of programs for calculational and optimization
studies of fast reactor operating conditions within the limits of an effective four-group diffusion approxima-
tion for a one~dimensional space model during six operating intervals between refuelings. The programs
of the complex are written in FORTRAN for a BESM-6 computer. Test problems run with these programs
gave reliable results. o - ‘

The complex of programs developed can be used to optimize reactor operating conditions in a certain
limited interval of time and to optimize transient and steady-state reactor operating conditions.
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CHARACTERISTICS OF THE ¥y ACTIVATION
OF LIGHT ELEMENTS

M. G. Davydov, A. P. Naumov, UDC 543,53
and V. A. Shcherbachenko :

The contemporary level of development of y-activation analysis, the broadening of its range of appli-
cation, and the use of calculational methods in the development of specific procedures necessitates a sys-
tematization of the material, At the present time there is no handbook on y-activation analysis. The pub-
lished tables enable one only to estimate the possibilities in principle of the y-activation method but do not
give a complete collection of nuclear physical constants, particularly the photonuclear cross sections neces-
sary for the development of specific analytical procedures. :

. We present material on the photoactivation of light elements (up to and including potassium) taking
account of the following limitations: the abundance of the irradiated element =1%; the reactions are of the
type (v, n), (v, p), (v, pn), (v, 2n), ('y, 2p), and (Y, «); the half-lives of the Y- -activation products are 10—
sec =Ty, =107 sec; the intensity of the 8 and vy radiation = 1%.

The experimental data on photonuclear cross sections were approximated by a sum of Lorentz curves.

The collected material is presented in a table which shows that nearly all the necessary nuclear phys-
ical constants, including the characteristics of photonuclear reactions which are of interest for practical
y-activation analysis, are known at the present time. This permits the use of calculational methods for the
development of specific analytical procedures of y-activation determination of light elements,

Original article submitted January 3, 1975.

TISSUE DOSES FROM NEUTRON RADIATION

V. N. Ivanov, L. F. Ivanova, UDC 577.3:539.12.04 +539.125.52
E. N. Parfenov, and Yu. S. Ryabukhin

The spatial distribution of tissue dose from neutron beams with radii of 0.5, 1.5, 2.5, 4.5, and 6.5 cm
has been calculated by the Monte Carlo method for primary neutron energies of 0.1, 5, 20, 100, 500, and
1000 ke V incident normally on the surface of tissue 30 cin thick. Doses from recoil protons, heavier re-
coil nuclei, protons from the (n, p) reaction in nitrogen, and v rays from the (n, y) reaction in hydrogen
were computed. In the calculations the chemical composition of tissue in mass % was taken as: H, 10.1;
C, 12.1; O, 73.6; and N, 3.1,

- Starting from the condition of normal incidence of the beams we have determined the variation of the
tissue dose with depth and with the distance from the axis of the beams. The absorbed energy was aver-
aged over hollow cylinders with radii of 0.5, 1.5, 2.5,3.5, 4.5, 6.5, 8.5, 10.5, 15, 20, 25, and 40 cm. The
cylinders were 1 cm high at depths from 0 to 6 cm, 2 cm high at depths from 6 t0.20 cm, 4 cm high at -
depths from-20 to 24 cm, and 6 cm high at depths from 24 to 30 cm.

The results are presented in the form of an atlas of components of tissue doses in rads normalized
to a neutron fluence of 1 neutron /cm? The dose distributions shown in Fig. 1 are for a beam of 1-MeV
neutrons 2.5 cm in radius. The curve for r =0 describes the depth variation of dose in the cross section
of the beam. The average radii of the hollow cylinders are shown on the remaining curves. The total en-
ergy absorbed in the cylindrical volumes at a given depth corresponds to irradiation by a broad beam of
neutrons. These results are shown by dashed curves.
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Fig. 1. Components of tissue dose for irradiation by a beam of 1-MeV neutrons 2.5 cm in,
diameter; a, b) doses from recoil. protons and heavier recoil nuclei for various radii in cm:
1) 0; 2) 333) 4;4) 5.5: 5) 7.5; 6) 9.5; 7) 12.7; 8) 17.5; ¢, d) doses from protons from the “Nn,p)
U4C reaction and y rays from the 1H(n 'y)ZH reaction for various radii in cm: 1) 0; 2) 4; 3)
5.5; 4) 7.5; 5) 9.5; 6) 12.7; 7) 17.5; 8) 22.5; 9) 32.5; X) broad beam.

The atlas of dose distributions can beé used in clinical dosimetry for planning neutron therapy, in di-
agnostics by activation analysis, and in emergency dosimetry.

Original article submitted March 3, 1975,
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USE OF VARIOUS METHODS OF DETERMINING
THE OVERALL ERROR OF ABSORBED-DOSE
MEASUREMENT WITH CALORIMETERS

AND CHEMICAL DOSIMETERS

V. A, Berl'yand, Yu. S. Gerasimov, - UDC 539.12.08
V. V. Generalova, M. N. Gurskii, '
and A. V., Tultaev '

The paper deals with two methods of deter mining the overall error in indirectly measured quantities.
Detailed derivations are given for the formulas that define the random, systematic, and overall errors, as
corresponding to a given confidence level. The derivation is based on the dispersion of a combmatlon of
distributions as a sum of the dispersions of the componerits. .

The formulas correspond to independent measured quantities and two types of distribution for the
residual systematic errors: normal (Gaussian) and uniform (within a certain range).

Recommendations are made on ‘writing programs for computer calculation of the random, system-
atic, and overall errors.. Results are presented from a Mir-1 computer for the errors of measurement for
absorbed dose using calorimeters of two different types and also chemical dosimeters (ferrous sulfate and
glucose).

In particular cases, recommendations may be made on the choice of the optimal ra.nge for measuring
a characteristic in which the error of measurement becomes minimal, and ranges are indicated where the
overall error increases rapidly on account of the increase in the mﬂuence function.

Then the overall error is less than the sum of the systematic and random errors for a given confi-
dence level, while the overall error is less than the square root of the sum of the squares of the system-
atic and random errors when there is a uniform distribution for the residual systematic errors. The over-
all and systematic errors calculated for uniform distributions in the latter are 20-40% higher than the
errors for a normal distribution.

A method is given for deter mining the overall and systematic error for uniform distributions in the
latter.

Original article submitted February 20, 1975.
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LETTERS TO THE EDITOR

- DOSE DEPENDENCE OF POROSITY IN NICKEL"

ON IRRADIATION WITH NICKEL IONS
S. Ya. Lebedev, S. D. Panin, UDC 621.039.51
and S. I. Rudnev

The development of porosity in nickel samples irradiated with nickelions in an ILU-100 accelerator
[4] as a résult of the merging of vacancies was discussed earlier [1-3], and the influence of earlier im-
planted helium on pore development in nickel was considered. In the present investigation we deter mined
the manner in which the porosity varied with irradiation dose. Samples of commercially pure nickel 0.15
mm thick (previously annealed and thinned for examination in the electron microscope) were irradiated with
46-keV nickel ions at 550°C (dose 2-10%-3.2 - 10% ions /em?, current density 3 pA/cm?). ‘

Electron-microscope examination showed a considerable number of pores, statistically and unifor mly
distributed over the area under consideration, in all the irradiated samples. Starting from a dose of 8- 1018
lons/cm the pores have the shape of cubes with truncated vertices. For doses of 2- 10% and 4 - 101 ions/
cm? (Table 1) the shape of the pores cannot be readily determmed because of their small size.

Figure 1 shows the concentration and mean size of the pores as well as the degree of swelling in re-
lation to integrated radiation dose. .

In calculating the pore concentratlon and the degree of swelling, the layer in which the porosity de-
veloped was taken as being 400 A thick {6]. We see from the curves that with increasing dose of irradiation
the mean pore size gradually mcreased and for a dose of 3.2 10Y ions /cm? equalled ~250 A (the 51ze of
individual pores reached ~ 500 A) For a dose of 2- 10 ions/cm? the minimum pore size was ~20 A,

It should be noted that with increasing dose of irradiation (up to 8- 10 jons /cm ) the pore size in-
creased in accordance with the law (d Y o~ (B1)074 , where &t is the irradiation dose. On further increasing
the dose, the increment in mean poié size decelerated Together with pores, many of the micrographs re-
vealed dlslocatlons and other defects in the form of dark spots. With increasing dose of irradiation there
was a reduction in pore concentration. This relationship may be expressed in the form Ny ~ (8t)"%23, The
reduction in pore concentrations is evidently associated with the fact that, for sufficiently high doses of ir-
radation, only the earlier-formed pores continue growing, while no new ones are generated. Since the ir-

radiation temperature is quite high (~ 0.45 Ty, in deg K)
TABLE 1. Results of an Analysis of the Ir- it is reasonable to assume that the for mation of new
pores ceases for irradiation doses of 2- 1016-4- 1018
Trradiation | No. of dis- | : ions /cm?, and subsequently only the growth of earlier-
?g;:}cﬂ ggcftfg;'}“ o528 | (o). A | AVIV. % formed pores is continued. With increasing dose of ir-
radiation the growth of an earlier-generated pore
ceases, on account of the reduction in the supersatura-

radiated Samples

2 5 8,5 55 0,23 L - - .
4 10 7,5 85 0,7 tion of the material with point defects (vacancies and in-
H x 8.5 g o2 terstitial atoms). The growth of the pores and disloca-
32 80 4,6 250 12,3 -tion loops evidently causes the dissolution of the finer

pores. The swelling AV/V varies in accordance with
an (®t)? law as the dose increases to 8- 10 ions/cm?,
then rises more slowly and for a dose of 3.2 107 ions/

*The data for each irradiation dose are cem? reaches 12.3%.
taken in accordance with {5}, v

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 362-363, November, 1975. Original article
submitted January 28, 1975. :
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Fig. 1. Dependence of {dy (e) NV (&) and AV/V (O) on the irradiation dose of nickel at
550°C.

Fig. 2. Size distribution of pores in nickel for various irradiation doses at 550°C 1)
2-10%; 2) 4-10%; 3) 8- 10 4) 1.6 10%; 5) 3.2+ 10V ions/cm?. :

The resultant dose dependence of the swelling factor agrees closely with published data [5, 7-9]. For
a dose of 25 displacements/atom in [5] the swelling amounted to 6.0%, and for 30-50 displacements /atom
[7-9] the swelling reached saturation at a level of 7-10%. According to our present data the swelling
amounts to 6% for 25 displacements/atom, while for doses of over 40 displacements/atom there is a ten-
dency toward saturation.

Figure 2 shows the pore size distribution function for various irradiation doses. We see that as the
irradiation dose increases both the minimum and the maximum pore sizes dolikewise, while the concen-
tration becomes smaller. This confirms the assumption to the effect that no new pore generation occurs;
the growth of the earlier-formed pores simply continues.
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ASSAY OF Zr, Nb, Tc, AND Te IN THE WATER
IN NUCLEAR POWER PLANTS

L. N. Moskvin, G. G. Leont'ev, ' UDC 621.039.534: 543,343
V. A. Mel'nikov, V. S. Miroshnikov, ,
I. S. Orlenkov, and E. V. Sosnovskaya .

If nonvolatile fission products (Zr, Nb, Tc, and Te) appear in the coolant of a reactor, there must be
flaws in the fuel-rod sheathes. It is difficult to determine the concentrations of these elements on account
of uncertainty as to the form they take in aqueous solutions, and also because ofthe small contribution from
them to the overall activity of the carrier [1]. New studies were made on this topic, after methods had been
devised for radiochemical analysis of I, Cs, Ba, and Sr [2] to provide for isolation of these elements from
a single sample on a series of selectlve absorbants of a specified geometrical form and size, which serve -
simultaneously as sources for 7y spectrometry.

Here we consider the scope for using rapid chromatographic radiochemical analysis to determine
other fission products. It is necessary to stabilize the process by converting Zr, Nb, Tc, and Te to a single
dominant ionic form, for which purpose we used hydrochloric acid. The extraction agents were di-2-ethyl-
hexylorthophosphoric acid D2EHPA to extract Zr [3] and tributyl phosphate TBP for Nb, Te, and Tc [4, 5].

As a rule, iodine isotopes account for most of the fission-activity in a water coolant. As iodine can
take a variety of forms, it is necessary to remove it before analysis without losing appreciable amounts of
the other elements. It is possible to remove iodine selectively onto sulfonated cation-exchange resins from
concentrated hydrochloric acid solutions saturated with chlorine [6]. This method was used to produce ra-
dioactive iodine of high purity and highly free from associated elements. A test as a means of removmg
iodine showed that one did not obtain reasonably high and guaranteed removal factors for solutions of HC1
or LiCl saturated with chlorine, We selected two types of extractionagents toremove iodine from concen-
trated hydrochloric acid solutions: salts of quaternary ammonium basis, such as tetradeclyammonium
chloride TDA and aliphatic alcohols, such as n-heptyl alcohol. The latter are effective only for chloride
complexes of iodine, which are formed in concentrated hydrochloric acid solutions in the pr_eSence of dis-

solved chlorine (Table 1).

The chromatographic column for isolating the components was similar to that previously described
[2] and was intended for three layers of sorbent. The sorbents were of fixed geometrical shape and were
cylindrical tablets made of porous PTFE carrying a film of the appropriate extraction agent. These tablets
were made as follows. The granulated porous PTFE [7] of grain size 0.1-0.25 mm was poured into a cylin-
drical metal mound and annealed at 375 +5°C. The immobile phase was deposited by soaking the tablet with
a 20-30% solution of the extraction agent in ether, with subsequent complete removal of the ether under-
vacuum. Each disk was pressed into a PTFE holder of internal diameter 0.3-0.6 mm less thanthe diameter

TABLE 1. Isotope Partition Coefficients

Extraction agent Aqueous phase 1311 9671 95Nb 89m, 125mpe
TDA in CCl, 6 M HClL 108 1 1 i 0,1
n-Heptanol élll HCl, sat. with 102 0,1 5 5 0,1

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 363-365, November, 1975. Original article
submitted February 3, 1975.
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TABLE 2. Uptake (%) of Isotopes by Tablets in Relation to Previous Treatment

N TDA TBP D2EHPA
Conditions 23 | ®5zc | 9sNb | 952r | 95ND | 85z | 95ND
Sample made 6 M in HCI and left for 15 min 100 | " 60 70 10 25 30 5
Sample made 6 M in.HC1 and brouéht to boiling point 100 | 15 25 10 75 |. 75 1
Sample made 6 M in HCI, saturated with chlorme and brought 100 5 i7 9 82 85 1
to boiling point o

TABLE 3. Distributions of ¥™MT¢, %Zr and %Nb in TDA— TBP D2EHPA and n-hepta-
nol TBP-—-D2EHPA Tablet Systems

Peak area, counts/sec .
Absorber Isotope - %, intablets
51 S S3 " 8 Ss S¢p .

TDA 99mTc 15,4 24,3 20,8 16,4 l 22,5 19,8 12,2
97Zr 4,0 4,3 3,2 2,8 3,1 3,5 11,0
9Nb 15,8 13,8 14,2 15,4 13,9 14,5 15,1
TBP 9mTc 143,5 145,9 144,9 142,5 131,5 142,41 86,5
LRV A 1,3 1,2 1,4 1,4 1,2 1,3 4,2
9Nb 74,5 92,1 86,4 76,2 76,6 81,2 84,9

D2EHPA . 99mTe 2,0 - 3,0 2,4 2,6 2,5 2,5 1,3
95Zr 25,5 22,8 27,9 29,7 27,2 26,2 84,8

n-Heptanol M9mTg 15,5 18,4 17,8 16,1 17,7 17,1 10,6 -
97y 6,2 8,4 3,8 . 7,6 8,0 7,2 21,4

95Nb 18,0 15,9 16,4 17,3 16,4 16,8 17,9 .
TBP 9mTe 152,5 127,8 131,0 144,3 150,¢€ 14,4 87,7
N 97y 2,6 1,7 1,8 1,3 1,3 1,7 5,0
95Nb 84,8 74,8 81,4 71,4 72,8 77,1 82,1
D2EHPA - 9mTe 2,5 . 3,6 1,9 3,0 2,8 2,7 1,7
95Zr 24,5 25,1 24,4 24,5 25,6 24,8 73,6

of the disk and height 1 mm greater than the height of the disk. The holder prevented contact between the
inner wall of the column and the radioactive solution, and also mutual diffusion of the extraction agents,
which could occur if the discs were in direct contact.

Tests on model solutions showed that it was possible to remove virtually all the elements from the
solutions onto disks treated with appropriate reagents. On examining real solutions, we checked out vari-
ous modes of sample preparation., Table 2 gives data for the coolant from the primary loop in the MR re-
actor at the Kurchatov Institute of Atomic Energy, which indicate that satisfactory results are obtained on
chlorinating the sample followed by boiling, However even in this case there is some partial retention of
the Zr and Nb on the first absorber. :

The tabl_ets bearing the radioactive isotopes were used in sealed cells with a Ge (Li) detector of vol-
ume 25 cm®, which worked into a multichannel analyzer. The energy resolution was 14.5 keV for the 1332-
keV line of GOCo The instability in the energy calibration over the range 0-1600 keV did not exceed 2 keV
over 8 h of continuous operation. The 7 spectra was processed with a BESM-6 computer using the SIMP3
program [8] written in FORTRAN at Dubba and intended for analysis of complex parts of spectra; the pro-
cessing time for 10 spectral lines did not exceed 1 min.

Table 3 gives results for five independent analyses. The program provides for reliable deter mination
of the areas of unresolved photoelectric peaks at energies of 756 and 766 keV for ¥Zr and *Nb, respec-
tively. The maximum error of a single measurement was 15% at the 95% confidence Ievel The tablet
treated with TBP showed traces of 103Ru Tellurium isotopes were not observed in the spemmens

The results indicate that this method can be used in the analysis of nonvolatile flSSlOI‘l products in
water coolants.
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CALCULATION OF PROBE PARAMETERS .
FOR GAMMA - GAMMA LOGGING

B. E. Lukhminskii and D. K. Galimbekoyv UDC 550.835 :539.125.52

In the development of new apparatus for the investigation of rock by means of scattered 7y radiation,
considerable attention has been given in recent times to instrumental methods for the reduction of disturb-
ing influences., In the detection of the soft component of scattered y radiation in boreholes (selective
gamma—gamma logging — GGL-8), the parameter studied is the effective atomic humber Zg¢ of the me-
dium and one of the chief disturbing factors is the uncontrolled variation in rock density. Double-probe
instruments with two source collimators are used to eliminate the effect of the variable rock density p [1].

Slit collimators for the source and wide collimators for the detector [2] also provide readings inde-
pendent of rock density in the region of practical interest, 3-4.5 g/cm®, and further more possess a number
of advantages over double-probe instruments such as higher sensitivity and greater radiation safety, etc.

Methods for the calculation of the effective probe diameter Rgpr and of the effective atomic number
of the rock determined by this instrument are presented in this report, The calculations were made by the
Monte Carlo method using the MOK-20 program developed for optimization calculations of a GGL-S in-
strument with a slit collimator. The geometry of the instrument is shown in Fig, 1. The calculation was
made by simultaneous correlated selection for 12 types of rock composition differing in density and atomic
number. One of the calculated functionals was the y-ray flux through the detector surface I(p, Z, 0,1 3),
where 0 is the polar angle of y-ray emission from the source and [ 5 is the distance from the Se source
to the detector, The energy threshold was 30 keV.

It is well known that Regf does not coincide with ] z when there is collimation of source and detector
(Regr is the distance between the centers of the collimation windows) [1]. For wide collimators, of special
shape, this definition is inaccurate. In the calculations, Reff was defined as the average distance (with re-
spect to the number of 7y rays detected) between the points of the intersection of y-ray trajectories with
the surface of the collimator windows. In the range of Z (14-23) and density (3-4.5 g/cm3) considered, the
effective length depended rather weakly on density and actual rock composition, For a variation in 7 5 from
2-9 cm, Reff is approximated by the following simple relation,

Reg=1,— 4.7 cos? 0, (63

with the maximum relative error 6Reff being no more than 4%. For the optimal configuration of the slit
collimator (see Fig. 1) which ensures readings independent of p, we find Reff=5.6 cm when [ z =6.5 cm and
not 6.8 cm as given by the definition in [1]. The difference between these two values is significant.

It is well known that the atomic number of a multicomponent medium measured by GGL-S depends
on the source spectrum and the recorded spectrum of scattered y rays in addition to the elemental com-
position of the medium [1]. It is advisable to determine the effective atomic number as applied to a spe-
cific instrument and measurement geometry so that this quantity is a parameter not only of the test me-
dium but also of the GGL-S equipment. In this case, the effective atomic number of a test multicomponent
medium is equal to the atomic number of a standard medium if the readings of the GGL-S instrument agree
for both media. A series of calculations using the MOK-20 program was made for standard media with
atomic numbers from 12 to 23 in order to determine Zggr. A standard nomogram of the relation I(p, Z, 6,
1 ;) was constructed on the basis of these calculations. In the second step, a calculation was made for a
model of iron ore in the form g - Fe +(1-g) - SiO,, where g is the mass fraction of iron,

Translated from Atomnaya Energiya, Vol, 39, No. 5, pp. 365-366, November, 1975. Original article
submitted March 10, 1975.
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Fig. 1. Probe geometry: 1) lean shield; 2) detector crys-
tal; 3) pickup collimation channel; 4) aluminum housing; 5)
rock; 6) exit collimator for primary 7y rays; 7) %Se point
_source; 8) borehole. '

Fig. 2. Dependence of exponent n on collimation angle for
various values of I, cm: ——) 5; x) 63 O). 7; 4) 8; ) 9.

* To determine Zqgs we used a relationship of the general form [1]

,.-/zqzz'.‘

ZM—

Zeff= (2)
In accordance with the definition assumed for Zggp, there follows from the equality of the readings of a
GGL-S mstrument (see Fig. 1) in standard and simulated media a dependence of the exponent n in Eq. (2)
- on the collimation angle 6 and the distance I 5 (Fig. 2) from which it is clear that the dependence of the
exponent n on polar angle decreases as I , increases when 9 > 30°, After averaging over the polar angles
6 in the slit collimator, we obtain for the test instrument (with 7 ;=6.5cm) a value of 4,2. For dry ore,

the well-known expression
3/ o .
Zeg= |/Z @ Z3- (3)

gives acceptable accuracy in the determination o'f Zeff. Differences between values of Zefr calculated from

Eqgs. (2) and (3) do not exceed 5%.

Thus, we have demonstrated the possibility of refinement of the parameters of a GGL-S borehole in-
strument calculated by the Monte Carlo method with the definition introduced for the effective dimension
of the probe being markedly different from previously defined values and the value for the effective atomic
number of rock practically agreeing with the well-known definitions (2) and (3).
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SIMULATION OF PROCESSES IN HEAVY CHARGED
PARTICLE TRACKS BY PULSED IRRADIATION -
OF SOLIDS WITH HIGH-DENSITY ELECTRON BEAMS

D. I. Vaisburd, V. P, Kuznetsov, ‘ UDC 537.226.548:539.121,72.75
V. A. Moskalev, and M. M. Shafir

The excitation-energy density in tracks of protons and @ particles in dielectric crystals reaches 102'-
10*1 eV/cm?® [1]. With the development of sources of pulsed high-power electron beams, it became possible
to produce similar densities of short-lived electron excitations in macroscopic dielectric volumes [2, 3].
Irradiation with a single pulse simulates the situation in a particular track, while periodic pulsed irradia-
tion simulates the space—time overlapping of tracks, For comparison, we performed two series of exper-
iments on the accumulation of elementary radiation defects of F nuclei in ionic crystals irradiated with
protons and a pulsed electron beam with the following parameters: top energy of particles — 0.3 MeV; pulse
duration controlled within the 2-30 nsec range; beamcurrent density — 5-1500 A/cm?.

The buildup of defects with the dose (see Fig. 1a) and the yield of defects as a function of the proton
beam intensity g(I) were investigated in the first series of experiments. The intensity deter mines the mean
frequency of track overlapping. Assuming a Poisson distribution of the time intervals between successive
track superpositions at a given point in the crystal, we obtain ‘

gIy={ 1 @) Toexp(—Iot) dt,
0

V,lﬂ"‘protons B pulses

ol 1 2 3 0 4 16 24
. 'Ta T T T bl T T T T ] 28 o
e 4 ) = g
O 261- ©
¢4 H20 %
=44 . <

2 N

4 14,2

0
- c d n 2’30«:
3
L B
8 J224 =,
X s

. —222
0 ] L1 | 11 Jlz22

v w? 1;" 2 4
1,protons/cm2 “sec 1T, 007%™t
Fig. 1. Irradiation of NaF crystals with 3.5-MeV pro-

* tons. a and b) Dependences of the density of F nuclei (n)
on the density of proton tracks y and the number of ir-
radiation pulses P; ¢ and d) dependences of the satura-
‘tion level for the fast stage of accumulation of F nuclei
(N) on the proton beam intensity I and the arrival fre-
quency of radiation pulses 1/T.

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 366-367, November, 1975. Original article
submitted February 13, 1975.
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where f(t) is the time relaxation law for the number of defects in an individual track, and ¢ is the effective
transverse cross section of the track. It is evident from the expression that the experimental dependence
of the yield of radiation defects on the beam intensity can be used for deter mining the time relaxation of the
"number of defects in individual tracks. However, this problem pertains to the number of incorrect defects
and is solved by means of A. N. Tikhonov's regularization method [4]. The mean period of trackoverlappmg
is equal to T=1/Ic. If we neglect the statistical fluctuations of track overlapping times and assume that
overlappings occur with a strict periodicity, we can use a 6 distribution, § (t — T) dt, instead of a Poisson -
distribution. In this case, we obtain g (1/10) = f(T) from the equation, i.e. , the yield of radiation defects"
as a function of the mean track overlapping period constitutes the effective tlme relaxation law for the num-
ber of defects in a track (see Fig. 1c).

In the second series of experi ments crystals were irradiated in a nanosecond electron accelerator.by
pulses which followed at a fixed period. The pulse duration was equal to 5 nsec, while the amplitude of the
current density in the electron beam (140 A/cm?) was below the brittle failure threshold [2]. Figure la and
b indicate that the dependence of the density of accumulated defects on the proton track density is similar
to the dependence of the defect density on the number of electron irradiation pulses. Figure lc and d pro-
vide a comparison between the yield of defects as a function of the proton beam intensity and the yield of
defects as a function of the arrival frequency of electron irradiation pulses. They are similar and display -
the characteristic maximum. Thus, periodic irradiation with short pulses of high-power electron beams
simulates the time overlapping of tracks, while the yield of radiation defects as a function of the arrival pe-
riod of radiation pulses can be used for reproducing the time relaxation of the number of defects in indi- '

vidual tracks.
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RESOLUTION. OF TOTAL COINCIDENCE
SCINTILLATION SPECTROMETERS

s. v. S-hev-chenko.‘ ‘ S UDC 621.387.464.004.13

The method of total coincidences, which has been proposed in [1], is widely used for detérmining nu-
clear decay schemes and for activation analysis. The proposed [1-3] statistical description of the method
of total coincidences consists in the following: o ' '

an .
If ‘ | | ’ . fa,s=.l—/-—2—:T;e- e (1)
and '
_ (AEgt
h= V%w O E “ ' . S : @

are distribution functions of the total absorption peaks of a cascade of two vy quanta and their sum, then

+oo

fi2 (AEy9) = S fL(AEy) fo (BEy) fs (AES) d (AEg,) : (3)
and .
1 (AE, 5)®
[ 9,3V 93,79
. 1 ‘\1/0 72798 +02) 4)
fis (AE ) = —— e
Vanoy,: 03,0}

On this basis the conclusion has been reached that the spectrometric characteristics of the instru-
ment can be improved without loss of coincidence recording efficiency. The integrand in Eq. (3) remains
somewhat vague, since fg is not a function of an independent variable.

The obtained values of f'y0 have not been normalized to unity, and the probability acquires the dimen-
sion 1/E. The conclusion concerning the improvement in resolution without loss of efficiency is not obvious
either.

We propose here a calculation method free from these ambiguities. If

(BB 0
fe=—=—0¢ s, . (5)

we obviously have

1 +oo - (AEq)2 _ (AE{—-AE;)?
. i 202 208 .
fi=gmegy ) e " 1oe : d(ARy), (6)

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 367-368, November, 1975. Orlgmal article
submitted March 24, 1975.
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where AE1=E1—E01; AE2=E2—'E02; AES =ES—EOS'

After simple transformations, we obtain -

Zo7+e] ' . o . {7)

1
fo=—mm———
TV o—at

The introduction in the circuit of a differential discriminator with the window width 2¢, tuned to the
total cascade energy, is described mathematically as follows: S

+e- +e +00
P, (e)=5 fa (AE,) d(AE,) =S d(AE,) S o (AE3) fa (8Ey—AE,) d (AEy) =
-£ ’ . -8 -0 t
00 ’ +e . 3 o -
S d(AEy) f (AEy) S fo (AB,—AE,) 4 (8E,); @) -
e . ) .
then, the function
——mmmjhm&ﬂwwmm | | )

. is the sought distribution function of total absorption peaks:

: +e . ‘

F(0E | 12 (OB —8E) 2 (AEs) S .
. ~e ' - ' (10)
h= e _BEa :

1 S T Z(03403)
—— e 1772 4 (AE,)
VZmVoi+ot J, ¢

After transformations, we obtain

(BB, o340l
2 agag

e e2 . : . l .
- - 11
S»e Pha o 010 g - ( “)

fi,s (AEy9) =
! Ba

n0GaPe -

e
—_ 1;
for 04,2 <

(AE, 2)2(0%+07)
Voito} e 20i03 5
V 2nolo} o (12)

fo1: 02 (AEi.z)

e., f'; o is described approximately by a Gaussian function, énd

. 0493 Voltol for oimog o) ,m—2b%  for ——<1;
0’ o 04 = 1 & 0gl 0; o & = s
Y Veata 2 2 x
031 <h AE; o€ (13)

fl s (AEy ) ~ fia, 00 (AEy,g) 3 Ay

Consequently, for a certain combination of ¢4, 05, and € ,'the observed spectrum must contain addi-
tional peaks which are symmetric with respect to the total absorption peaks. Thus, for any o, and 0y, with
an increase in the width of the discriminator window €, the distributions for E,; and E,, first deviate from
a normal distribution and then pass in the limit &€ —0 into distributions (5) for an individual detector.
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NEUTRON RESONANCES IN 244Cm, 24Cm,
246Cm, AND 248Cm

T. S. Belanova, Yu. S, Zamyatnin, . - -UDC 621.039.556
A. G. Kolesov, N. G. Kocherygin ' . : ' B
S. N. Nikol'skii, V. A, Safonov,

S. M. Kalebin, V. S. Artamonov,

and R. N, Ivanov

Neutron choppers with synchronously revolving rotors suspended in 2 magnetic field installed at the
ITEF and NIIAR reactors permit the measurement of the-transmission of samples containing the isotopes
Mem, #50m, 26Cm, and 2%Cm. The resolution of the spectrometer at the NIIAR on a 92-m base is 70
nsec/m [1], and that of the ITEF spectrometer on a 50-m base is 149 nsec/m [2].

The stable oxide of curium with a known oxygen content (Cm,O3) was used in the form of an anhydrous
powder. Before charging the targets the powder was baked at a temperature of 900-1100°C. Two samples
were made with different isotopic contents of ¢urium (Table 1). They were both contaminated with 243Am
and #%Py; 2 and 1.6% for sample 1; 0.13 and 0.8% for sample 2.

The transmissions of the samples were measured in the energy range above 0.5 eV. A statistical ac-
curacy of 1-2% was maintained; the neutron background varied from 0.5 to 2%. A correction was made for
the scattering of neutrons from oxygen.

The resonance parameters were computed by the shape and area method using the single-level Breit—
Wigner formula. The resolution function was not approxi mated by an analytic expression but was calculated
directly by computer, taking account of factors characterizing the resolving power of the apparatus. The
position of the resonances E,, the neutron width 2gT',,, and the total width T' were deter mined.

Measurements were made for several thicknesses of the **Cm samples with the maximum n,=0.24
10?2 atoms/cm?. In analyzing the resonances (Table 2) by the area method the radiation width 'y Was taken
equal to 37 MeV. Calculations gave the average level spacing D=14.6+2.2 eV and the strength function S,=
0.68+0.30- 104, It was shown that in 244Cm the reduced neutron widths follow the Porter — Thomas distri-
bution for one degree of freedom, and the level spacing agrees with the Wigner distribution.

Table 3 gives preliminary values of the resonance parameters of 2¥Cm. A sample of thickness 0.26 "
10%! atoms /cm? was used. Up to 50 eV 21 levels were found. All these were computed by the area method

assuming I' =40 MeV.

TABLE 1. Characteristics of Samples - - . TABLE 2. Resonance Parameters of 24Cm
Sample| Mass, Isotopes, % . E,eV | r,Mev| r,,MeV| E,ev| r Mev
No. mg 242Cm | 244Cmn | 245Cm | 246Cm | 247Cm | 248Cm -
7,67 44+3 10,44+0,4 85,6 26,0+4,8
- | 16,77 375 1,90+0,30 95,5 7,84+2,2
1 82,81 0,31 |88,62| 9,57 | 1,49 — — 22,85 36+10 | 0,84+0,10 | 132 . 16+-8
2 116,4( — [39,28] 0,47 {51,85] 1,61 | 6,79 35,0 335 5,1+0,8 139 - 2,24+0,9
. . . 52,8 — -0,56+0,15 171 '3,6+1,8
' 69,8 | — 0,44+0,25 - -

Translated from Atomnaya Energiya, Vol. 39, No. 5, p. 369, November, 1975. Original article sub-
mitted June 23, 1975.
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TABLE 3. Resonance Parameters of 24Cm

Eo, | ‘2er,, Eo. | 28T, Ep | 24Ty,
ev MeV ev MeV ev MeV
1,93 Ce— 25,01 2,4%+0,4{ 40,9 | 1,8+0,9
4,691 1,73+0,35 | 26,9 — 142,91 3,0x1,5
9,25| 0,32+0,05 | 27,1 { 1,0+0,3 | 43,5 —
11,4 | 0,50£0,20 | 29,6 | 4,2+0,7 { 44,91 1,7+0,5 |
14,0 | 0,254-0,08 | 31,4 | 0,52-0,2 | 47,81 5,7+1,4
{15,9 — 32,41 0,4+0,2 ] 49,2 | 2,231,2
21.6 | 2,620,4 .| 36,3 3,6+1,8 50,5} 1,8+0,7
"TABLE 4. Resonance Parameters of 24Cm TABLE 5. Resonance Parameters of U8Cm

BoeV | TMeV| T, MeV! Enev | I Mev | Fo eV | T.MeV| . T MeV | By ev| ThMev.|

4,32 | 272 | 0,360,001 | 84,5 - b2 | gexg | 190004 gy -
1520 | 28%3 | 0,52£0,01 | 91,5 | 9,925 ’ 333 | 2077 T -
157" | 34.1%7,6 35,00 | zgip | 9920 | _
- - - Ay 75,6 0 102,513,6 | g5 | 16918

Five levels (Table 4) were identified in the sample of 24Cm of thickness 0.21- 102 atoms /em? in the
energy range up to 157 eV. The resonance parameters were computed by the shape and energy method-as-

suming I'y =37 MeV.

The resonance parameters of the 24801y levels are shown in Table 5 for energies up to 100 eV. The
sample thickness was 0.27 - 10?1 atoms /cm®. In the analysis of the resonances by the area nfethod it was

assumed that I'y =40 MeV.
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CHRONICLES OF THE CMEA.
DIARY OF COLLABORATION

A conference of specialists from the member countries of the Council for Mutual Economic Aid
(CMEA) on radiophar maceutical preparations was held on May 13-16, 1975 in Moscow. It discussed pro-
posals on questions of notices of the day, prepared by the Council Secretariat Department on the basis of
reports from the country delegations. It was noted, that within the framework of the Permanent Commision
of the Council for Mutual Economic Aid (PC CMEA) on the chemical industry, a large experience has been
built up on the development of unique systemmatic data, and also of monographs on specific phar maceutical
preparations included in the "Compendium of Medicines" (CM). The conference deemed it advantageous: to
extend this experience to radiopharmaceutical preparations (RPP) and to undertake further work in the field
of the creation and application of unified requirements to -pharmacopia articles on RPP, used in the member
countries of the CMEA, in accordance with the CM, for subsequent inclusion in‘its approved Material Com-
missions; and to develop both general monitoring methods, specifically for the RPP and also monographs
on specific preparations in the form accepted in the CM. It is considered that specialized RPP mainly are
subjected to discussion, and also are widely supplied to the member countries of the CMEA, Taking into
account that at the present time in the member countries of CMEA and within the framework of the PC
CMEA a number of materials have been developed, which may serve as the basis for carrying out this
work, the conference prepared: a list of existing articles, or articles being processed, on RPP; a list of
general methods for monitoring RPP, proposed for development, taking account of the general methods
(issues 1 to 10) prepared within the framework of the Compendium of Medicine (CM); and a list of the sec-
tions of pharmacopia papers on RPP, used in the member countries of the CMEA.

A decision was taken to proceed to the preparation of model monographs according to the form ac-
cepted in the CM, with a complete text of monitoring methods for the purpose of verifying the validity of
the approach to the preparation of general data and monographs. For this, a number of RPP with different
controlling parameters has been chosen, for which different experimental methods are specified, and a list
of model monographs on RPP subject to development in 1975-1976 has been agreed; country organizers of
work on individual preparations have been established and the corresponding work agendas have been de-
fined.

At the same time, a typical list of monographs on RPP liable for development in the first place, has
been prepared. It will be advantageous to consider the orders of development of these monographs after
accumulating experience on the preparation of model monographs. Moreover, in the opinion of the partici-
pants of the conference, it will be advantageous in future to discuss the designation of the RPP (labelled,
carrier-free, with carrier, etc.).

The conference prepared a plan for the decision of the Commission on this problem and the corre-
sponding proposals for refining the work plan of the Commission in 1975-1976. The specialists discussed
the draft of the work plan for scientific-technical cooperation in 1976-1980, according to a study of the
composition and properties of RPP by physicochemical methods and analysis, stated their interest in the
participation and development of individual tasks and agreed tothe period of their start and completion, and
also defined provisionally their forms of accomplishment.

The draft of a work program was considered concerning the unification of investigations and methods
of monitoring essential for obtaining authorization in the clinical study of RPP, and a working plan on the
subject was accepted. The purpose of these tasks is the preparation of general instructions on the deter-
mination of the volume of experiments in order to obtain authorization in the clinical study of RPP,

An exchange of opinions took place on measures concerned with the conversion of the units of the
CMEA to the development of standards of the CMEA, The proposals of the Secretarial Branch of CMEA
concerning this problem were discussed and the dates for discussion of the recommendations previously ac-

Translated from Atomnaya Energiya, Vol. 39, No, 5, pp. 370-371, November, 1975,
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cepted by the Commission on standardization in the field of isotopes and radiation sources were defined.

A conference.of specialists on problems of the application of the principles and procedures of price
building for specialized isotope production plants, operating within the framework of the Council for Mutual
Economic Aid (CMEA), was held on May 20-22, 1975 in Potsdam (German Democratic Republic). Special-
ists from the Covenant Parties participated on the multilateral international specialization and cooperation
of the isotope production industries. The conference deemed necessary the establishment of contract prices
on specialized isotope production plants in the mutual trade between member countries of CMEA in 1976-
1980, to start from the operating principles and procedures of price building, accepted by the 9th Session
of the CMEA and the recommendations of the Executive Committee of the Council, accepted at the 70th Con-

ference (January 1975).

The investigations carried out by the Covenant Parties of the level and development of prices on iso- '
tope production plants, established by the leading firms in the world market in the period 1970-1975, showed
that these prices changed only insignificantly during the stated period. The existing tendency to increase
prices on production, of British and American firms, has given rise mainly to devaluation in a number of
capitalist countries. With conversion into rubles over the actual exchange, the increase as a rule is elim-
inated. By taking account of specifics and the wide assortment of isotope production, agreement was
reached concerning the establishment of confract prices on isotope production plants in the mutual trade be-
tween member countries of CMEA in 1976-1980, calculated on the basis of prices during 1974, which is con-
sidered as the most representative basic year. It should be borne in mind that, in the case of a significant
change of prices in isotope production on the world market, any of the Covenant Parties according to neces-
sity can introduce for consideration of the next meeting of the authorized Parties, the question concerning
the establishment of contract prices in accordance with the recommendations of the Executive Committee
of the Council, i.e., based on a five-year sliding base period. : :

The Conference approved the draft of the document "Application of the Principles and Procedures
operating within the framework of the CMEA, of price building for the establishment of contract prices in
mutual trade in specialized isotope production plants in 1976-1980." The draft has been presented for con-
sideration at the Meeting of the Authorized Negotiating Covenant Parties (Hungary, September 1975). In
this case, it was taken into account that this document comes into force on the day of signing of the minutes:
of the meeting so that the principles established in it could be used by the Parties for the conclusion of mu-

tual contracts on the supply of isotope production plantsin1976.

The question of establishing unified prices on irradiation in nuclear reactors was discussed. It was
accepted as expedient to consider this question further in the course of work on the program of cooperation
in the isotope field in 1976-1980. The Parties acknowledged it to be feasible to extend the principles and
procedures of price building, agreed at the conference, to currently nonspecialized isotope production units,

supplied to member countries of CMEA.

The 5th Meeting of the Committee for Scientific and Technical Cooperation on Radiation Safety took
place on May 27-30, 1975 in Kiev. A list of assignments was agreed on the subject of problems of " Ensur-
ing Radiation Safety" entering into the overall comprehensive program of cooperation of the member coun-
tries of CMEA and the Socialist Federated Republic of Yugoslavia (SFRYu), developed by the members of
CMEA, in the period 1980 in the field of preservation and improvement of the environment and, associated
with this, the rational utilization of natural resources. The final editing was discussed and agreed on the
classification of emergency situations in nuclear power stations and methods of determining hazard fac-
tors, and recommendations for monitoring the state of the outside medium as a result of the release of
I-131 into atmospheric air from industrial effluents. The use of these data for carrying out the appropriate
work within national bounds was recommended. A program for undertaking an international comparison of
v-radiation spectrometers for man was considered and the decision was taken to carry out in 1976 a com-
parison of y-radiation spectrometers for man and the regular comparison of personal dosimeters, used in
the member countries of CMEA. The draft of a report was discussed and prepared by the working group
on nuclear instrument design on "The state and prospective developments of portable dosimetric instru-
ments for nuclear power stations and nuclear reactors,"and it was recommended to introduce the appro-
priate changes into the report. Preliminary notification was agreed for the 6th meeting of the Committee
for Scientific and Technical Cooperation — Radiation Safety — and a resolution was taken on a number of

other questions concerning the plan of work.
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BOOK REVIEWS

K. N. Mukhin .
EXPERIMENTAL NUCLEAR PHYSICS*

Reviewed by E. M. Tsenter

Mukhin's textbook "Introduction to Nuclear Physics" ran through two editions (1963 and 1965), and it
attained a well-deserved reputatlon in technical colleges and nuclear divisions of physics faculties at uni-
versities. :

The third edition was published in 1974 under the name Experimental Nuclear Physics with extensive
revision and supplementation. A difference from previous editions is that the physics of elementary par-
ticles has been transferred to a separate volume.

The present first volume "Physics of Atomic Nuclei" consists of two parts. The first part is "Prop-
erties of nuclei and radioactive radiations," which consists of four chapters dealing with the properties of
stable and radioactive nuclei, various nuclear models, and the interaction of nuclear radiations with matter.

The second part is called "Nuclear interactions," and consists of eight chapters. The general laws
of nuclear reactions are considered along with various forms of nuclear reaction: reactions produced by
neutral particles and by charge particles, either involving compound nuclei or direct interaction.

Particular attention is given to fission and thermonuclear reactions. The author devotes sufficient
attention to the importance of these reactions for practical applications. This part also deals with topics
such as neutron migration in matter, which might better have been included in the chapter "Interaction of
nuclear radiations with matter." '

The first volume in the main retains the structure of the first two parts of the previous editions, but
here each chapter ends with a brief summary of the contents, which is very valuable in a textbook.

The undoubted advantages of this textbook do not compensate for certain defects, however, There
are repetitions of formulas (pp. 16, 41, 54, and 122 in formulas 3.4), since the author does not number
them, although he might thereby have referred back to them. As students in physics faculties and engineer-
ing-physics sections have good mathematical training, it is hardly necessary to give the detailed explana-
tion (p. 64) for the determination of ry from the slope of a line., The particular example of two particles is
used to prove in two forms (equal and unequal masses) that the overall momentum is zero in the system of
the center of inertia, although this follows directly from the definition of that system.

There is not any real justification for altering the name of the third edition as regards the number of
experiments described or the level at which they are treated. In future editions, which will undoubtedly be
required, these changes should be made; Mukhin's very valuable textbook could only gain from this in our
opinion.

*Physics of Atomic Nuclei [in Russian], Vol. 1, Atomizdat, Moscow (1974).

. Translated from Atomnaya Fnergiya, Vol. 39, No. 5 p. 371, November, 1975,
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CONFERENCES AND MEETINGS

INTERNATIONAL CONFERENCE
ON HIGH-ENERGY PHYSICS

V. V. Glagolev

The 4th International Conference on High-Energy Physics was held on June 23-28, 1975 in Palermo,
Italy. As many as 660 physicists from Europe, America, and Japan took part in the work of the conference.
The largest delegations were from the USA, FRG, France, Italy, and England. Twenty-eight review talks
were given at 11 plenary sessions. In addition, 30 invited talks were also given. '

Much attentlon was paid to experimental reports on the observation and study of the new particles
¥ (3095) and ¢ (3684) and to the theoretical interpretation of these effects. Since the discovery in August,
1974 of a particle with mass 3.1 GeV/c? in various laboratories throughout the world, a series of experi-
ments with hadronic, photon, and colliding beams have been performed. It has been shown that the § par-
ticle production cross section in nucleon—nucleon interactions increases by a factor of 100 in the energy
range 60-3000 GeV?. Experiments done with photon beams show that the interaction cross section of the
new particles with nucleons is ~1 mb which is characteristic of hadrons. Production of nuclei is diffrac-
tive. Experiments at SPEAR, ADONE, and DORIS studying production of new particles in colliding elec-
tron—positron beams in the mass region 1.1-7.6 GeV/c? have not found other new particles. Data collected
up to this point indicate that the new particles are hadrons. Much work has been done studying their char-
acteristics (quantum numbers, decays, and widths). Some results are given in Table 1 (taken from V. Luce's
report). )

Theoretical reports on the new particles developed schemes with four quarks, introducing a
ncharmed" quark P'. Variations of this scheme with colored and both colored and charmed quarks were
considered. Experiments at SLAC searching for char med particles in the Kz 4, Kg“,,,_, 7tr”, Ktr—, K¥K-
combinations and in other states gave an upper limit of ~ 0.5 nb for their production.

In the section on meson spectroscopy, results on new resonances h (M=2020 + 30 MeV/cz, I'=180+860
MeV/c?, Jp=41; w™ (M=1669+ 11 MeV/c?, T =173 + 19 MeV/c?, Jp=3-); K®* (M=1800 MeV/c?, I' =200
MeV/c Jp =3") were presented. G. Martin's (France) review talk emphasized the experimerit observmg
the h—meson in the reaction 7 “p —7 % %n at 40 GeV/c? (Serpukhov—CERN).

Work using the 2-m CERN hydrogen bubble chamber in a K beam at 4.2 GeV/c stood out in dis-
cussion of baryon resonances. With high statistics there is a rather clear KI-) —AK*K~ production evident

in the reaction == * (1820).

K. Goulianos reported on the Soviet —American experiment being performed 6n the Batavia accelera-
tor using a hydrogen jet target constructed by JINR experts. Results comparing pp and pd colhsxons at high
energies and s mall momentum transfers were discussed.

A large number of papers (about 150) were devoted to the study of inclusive processes and correla-
tions in a multiplicity of processes. Interesting results on 7y correlations were presented from the 2-m
propane bubble chamber (Dubna). P. V. Shlyapnikov (IFVE) reported on the study of inclusive reactions in
K £ —p interactions using the "Mirabelle™ bubble chamber. It has been shown in experiments on nucleon in-
teractions (Frascati, CERN) that a group of processes exist which can be most naturally interpreted by
using neutral currents. No data were presented on the existence of strangeness-changing neutral currents.
This is supported by the ratio

Ky - ptp~

= 6.10-9.
Ko =610

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 372-373, November, 1975.
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TABLE 1. Some Characterlstics of the New .

Particles
Characteristics v (3,10 “9(3,7
;1 3,0054-0,04 GeV/ c?| 3,6840,005 GeV/c?
pC 1-- 1=
Fee-——rp,p, 4,840, GKEV/C 2,240, 3KCV/C
' T'had 50414 KeV/c 220456 KeV/c
r 6915 KeV/c? 225456 Kev/c?
ToolT 0,069=0,009 0,00970,0016
Thaa/T! O 860,02 0 981+0,003
Il 1,00+0,05 - | 70,8930.16 -

¢

A special session was devoted to the experimental verification of quantum electrodynamics. Exper-
iments at Frascati showed that the energy dependence and absolute magnitude of the effective cross section
for the purely leptonic process ete- —ut - is very accurately (5% error) described by the predictions of
quantum electrodynamics - when radiative corrections are taken into account, New measurements at CERN

g'_

of the qﬁantity a =" 22 have shown that athéorv ~aexpt ¥(—7¢29) «10-%,

New accelerator projects were discussed including EPIC (Rutherford Laboratories, England), PETRA
(FRG), and LSR (CERN). The first two are similar projects for colliding electron— positron beam acceler-
ators with luminosity of ~10%%cm-?-c~! (14 and 5-18 GeV, respectively). The CERN project concerns the
possibility of building a colliding proton—proton beam accelerator with 400-GeV beam energies. Theoret-
ical papers on the Regge approach to high-energy scattering, dual models and strings, quark confinement,
and other topics were discussed, as well as experimental results on the study of total and elastic cross
sections, quasi two-body nrocesses, and deep inelastic interactions.

On the whole, the Conference was well orgamzed The proceedmgs of the conference will be pub-
lished in a special CERN publication.
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6TH INTERNATIONAL CONFERENCE ON MHD
GENERATION OF ELECTRICITY ' '

V. A, Gurashyvili

The 6th International Conference on MHD generation of Electricity was held in Washington on June
9-13, 1975. At the conference the latest scientific and technical achievements and new trends in research
on MHD energy conversion were discussed.- The conference was conducted in the traditional rapporteur
manner and was divided into 15 sections covering the following basic directions in MHD research.

Open Cycle Generators and MHD Conversion Systems. The energy crisis in a number of industrial
nations in the West has forced them to conduct an intensive search for effective means of energy conver-
sion which will lower the relative expenditure for fuel and substantially. reduce environmental pollution. At
the present time the main energy source for open cycle MHD stations is coal large reserves of which are
held by a number of countries.

American scientists noted that the goal in the US program is to demonstrate a commercial role for
coal -fired MHD stations by the begmmng of the 1980's.
The role of the High-Temperature Institute of the Academy of Sciences of the USSR -in the develop—

ment of open-cycle MHD systems was emphasized at the conference. The semicommercial U-25 MHD
machine built by the Institute is at present the subject of broad Soviet ~American collaboration.

From among the papers presented we should note the studies on the experimental machine Mark-VI,
which has worked in a power reducing regime for 182 h with a total energy output of 6.4 10° kW-h. The
greatest resonance at the conference was received by the paper on construction of a pulsed, self-excited
MHD generator using combustion products from a powdered fuel and the application of such a device for
deep probing of the earth's core in geophysical studies by the I. V, Kurchatov Institute of Atomic Energy.

Closed Cycle Generators and MHD Conversion Systems, In the last four years substantial progress
has been achieved in building highly efficient experimental MHD generator with unbalanced conductivity,
in which the energy conversion efficiency reaches 20-30%. This makes it possible to believe that such
generators with specific electrical powers of about 500 W/cm? may be realized,

To a large extent, progress in building closed cycle MHD stations is deter mined by the prospects for
constructing a high temperature gas-cooled reactor, although in a number of papers combination systems
were considered involving a nuclear reactor and subsequent heating of the workmg medium in a special high
temperature combustion product-heat exchanger.

Liquid Metal MHD Generators and Closed Cycle Systems. As for possible utilization of liquid metal
systems, not much optimism was noted, since even in this area it is necessary to develop high temperature
breeder reactors. All the more, a number of schemes assume construction of a "boiler" reactor. The
overall efficiency of such systems remains low, on the order of a few percent; however, the possibility of
their use in solar devices was suggested if their overall thermodynamic efficiency turns out to be somewhat
higher than that of thermoelectric elements.

New Concepts for Various Energy Systems with MHD Generators. We must note the papers on util-
ization of the energy from reactors with solid gas-cooled blankets surrounding the fusion zone and with

Translated from Atomnaya Energiya, Vol. 39, No. 5, p. 373, November, 1975.
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lithium blankets surrounding the fusion zone in pulsed thermonuclear reactors. The papers devoted to hy-
drogen energetics attracted attention,

The papers on construction and operation of large superconducting magnet systems with magnetic
field volumes on the order of several cubic meters are of interest, ' o

Several computational and theoretical papers were presented on various problems in magnetohydro-
dynamics and the plasma physics of MHD generators.

The conference materials are collected in four volumes and supplementary conference materials and
"round table™ material will be sent to the conference participants toward the end of 1975.
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2ND SESSION OF THE SOVIET -~ AMERICAN

.COORDINATING COMMITTEE

ON THERMONUCLEAR ENERGY

G. A. Eliseev and D. F. Khokhlova

The second session of the Soviet—American Coordinating Committee on Thermonuclear Energy was
held in the United States on July 2-4, 1975. Soviet—American collaboration in controlled ther monuclear
fusion research (CTR) is a part of the scientific and technical collaboration on the peaceful uses of atomic
energy conducted on the basis of the agreement between the USSR and the USA on June 21, 1973. The basic
problems for this joint committee, whose cochairmen are Academician E, P, Velikhov (USSR) and the -
E.R.D.A. Director of Thermonuclear Research, Dr. Robert L. Hirsch, are the development of yearly and
long term programs for cooperation, the coordmatlon of their execution, pomtmg out the most essentlal di-
rections for -joint efforts, etc,

The notice for the 2nd session of the coordinating committee included a discussion of the current pro-
grams and research plans in CTR in both countries and an analysis of the prospects and possible ways. of
solving the problem of producing thermonuclear energy. The results of the first year of cooperation were
considered, the program for cooperation in the current year was made more precise, and a preliminary
plan for the program of scientific and technical cooperation in 1976 was drawn up.

During the consideration of the national CTR programs, talks were heard describing in detail the re-
sults of the principal experimental and engineering projects, approaches to solving specific scientific and
technical CTR problems, and proposed plans for building a ther monuclear power reactor. The American
side presented comprehensive information on the demonstration tokamak ther monuclear reactor TFTR,
which is intended to begin operation in 1980-1981. The TFTR will be built under the scientific direction
of. the Princeton Plasma Physics Laboratory at a site adjacent to this laboratory. The basic parameters
of TFTR are: torus major radius 2.7 m, plasma column radius 0.85 m, torcidal magnetic field 50 kG,
plasma current 2.5 MA, combined power of the reactor power supplies 660 MW, and working pulse length
0.6 see. Supplementary heating in the reactor is by injection of beams of neutral atoms with energy 150
keV. The expected plasma parameters are nTg ~ 10 cm™2 and T ~5 keV. The overall cost of the reactor
is estimated to be 215 million dollars. It is proposed that during 1981-82 experiments with hydrogen plas-
mas will be conducted on TFTR. Once a plasma has been obtained with parameters such as to ensure a
sustained controlled ther monuclear reaction, work with a deuterium—tritium mixture will be begun..

The Soviet delegation reported on the design work on the demonstration thermonuclear tokamak re-
actor T-20 at the I. V. Kurchatov Institute of Atomic Energy and the D, V. Efremov Scientific-Research
Institute for Electrophysical Apparatus. The T-20 reactor is planned for extended operation in a deuter-
ium—tritium experiment with plasma parameters nTg 10! ¢m~3 and T> 7 keV. The basic parameters of
the system components have been chosen so that a powerful thermonuclear reaction will take place in a
D-T plasma and release energy through the reaction neutrons close to the energy delivered to the plasma.

This exchange of opinions gives everyone basis to suppose that construction of the T-20 and TFTR
machines together with solution of the physical problems will make it possible to carry out simulations and
choose the basic engineering solutions which will be required for development of a power reactor based on
a tokamak system. The basic results from studies of pulsed ther monuclear systems and open magnetic
mirror systems were discussed. Special attention was paid to analysis of the present state of and plans for

Translated from Atomnaya Energiya, Vol. 39, No. 5, pp. 374-375, November, 1975.
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developments in the area of technology for thermonuclear systems. In particular, the prospects for con-
structing high-power 14-MeV neutron sources needed to solve the so-called first wall problem for a ther-
monuclear reactor were considered. '

The commission acknowledged the positive and mutually useful results of this collaberation during
1974. The main goal of the collaboration in 1974 was detailed mutual acquaintance with the national CTR
programs. In accordance with the cooperation program, several groups of Soviet and American specialists
in plasma physics visited the main thermonuclear centers in both countries. Joint projects were begun on
tokamak type machines and on open magnetic traps, on the theory of MHD instabilities and turbulent pro-
cesses in plasmas, and on the development of fast neutral particle injectors. Successful seminars were
conducted involving both countries on CTR materials studies, system analysis of thermonuclear electric
generating stations, energy storage and switching, etc.

In the cooperation program for 1975 basic attention is given to production of joint papers, working
meetings, and experiments aimed at solving specific scientific and technical problems in CTR, in partic-
ular, problems associated with development of a demonstration ther monuclear reactor. The program for
this year lays the foundation for selecting the key directions for further collaboration and developing long
term joint programs. In 1975 joint development is planned for conceptual designs for a divertor and a
160-ke V neutral particle injector for demonstration tokamak reactors. In May there was a joint working
meeting in Moscow on the problems of impurities, walls, limiters, and divertors in tokamak systems. A
group of Soviet physicists will participate in experiments on the American tokamaks ATC (Princeton),
ORMAK (Oak Ridge), and Doublet-ITA (San Diego). American scientists are working on the T-4 and T-11
tokamaks at the I. V. Kurchatov Institute of Atomic Energy. There will be joint working meetings on pulsed
thermonuclear reactors at the Leningrad Scientific Research Institute for Electrophysical Apparatus, on
tokamaks at the Princeton Plasma Physics Laboratory, and on open magnetic mirrors at the Institute of
Nuclear Physics of the Siberian Branch of the Academy of Sciences of the USSR. A seminar on dynamic
stabilization of high temperature plasmas is to be held at the Sukhumi Physicotechnical Institute. A group
of Soviet specialists in the study of materials will visit US scientific centers working on radiation damage
of materials in the autumn.

A preliminary program for cooperation in 1976 was discussed in the meetings at this session, It en-
visages continued expansion in the volume of joint theoretical, experimental, and design efforts. Agree-
ment was attained on joint development and testing of neutral particle injectors superconducting magnet
systems for experimental reactors as well as on joint design and testing of neutron blankets for thermonu-
clear reactors, in particular, a blanket for a hybrid fission—fusion reactor. The final 1976 program will
be confirmed at the third session of the joint Soviet—American commission in November, 1975.

The members of the Soviet delegation visited the Livermore Laboratory, the Princeton Plasma Phys-
ics Laboratory, the thermonuclear laboratory of the University of California at Berkeley, and the Electric Power
ResearchlInstitute (EPRI) in Palo Alto, Atthe Livermore Laboratory our delegation became acquainted with
the work on open magnetic mirrors, in particular, with the experiments on the 2XIIB and "Baseball" ma-
chines, and with the work on laser fusion (the "Argus," "Janus," and "Shiva" machines, the latter being
under construction). At Livermore and Berkeley the program for developing intense neutral particle in-
jectors for tokamak reactors was discussed. At Princeton the Soviet scientists became acquainted with
the progress in setting up the largest American tokamak, PLT, which is planned to be turned on in October,
1975, and with the plans to build the large tokamak with a divertor, PDX. At the EPRI an interesting dis-
cussion took place on the prospects for hybrid systems (thermonuclear breeder reactor with a blanket con-
taining fissile material). -
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SEMINARS AND EXHIBITIONS
OF THE ALL-UNION ISOTOPE SOCIETY

A Seminar and Exhibition on "The Atom as a Workman" was held at the Leningrad Interrepublic Sec-
tion of the All-Union Isotope Society for leaders. of enterprises and organizations of the Petrograd District
of Leningrad in May 1975. Participants included 43 specialists from 26 enterprises of the district.

A Seminar on "Stable Isotopes in Science and the National Economy," organized by the Kiev Interre-
public Section of the All-Union Isotope Society in conjunction with the Scientific-Research Institute of Stable
Isotopes (Thilisi), was held at Kiev in May 1975. Participants in the work of the seminar included 60 rep-
resentatives of various branches of the country's economy. Sixteen reports and communications were de-
livered, and recommendations which will be published and distributed to enterprises were adopted.

An Advanced Experience School on "Methods and Means of Industrial Radiography" was held by the
All-Union Isotope Society in conjunction with the All-Union Scientific-Research Institute of Radiation Tech-
nology in June 1975 in the demonstration hall of the Sverdlovsk Interregional Section of the All-Union Iso-
tope Society. Participants included 74 representatives from six sections of the All-Union Isotope Society
(Leningrad, Kiev, Tashkent, Moscow, Khabarovsk, and Sverdlovsk) and 20 Sverdlovsk industrial enter-
prises.

A Seminar and Exhibition on "Application of Isotopes and Radioisotope Technology in the National
Economy" was held at Saratov in June 1975 by the Moscow Interregional Section of the All-Union Isotope
Society in conjunction with the Saratov Interbranch Center of Scientific and Technical Information and Prop-
aganda., Participants in the work of the seminar included 53 specialists from 32 organizations established
at Saratov and in the region. The exhibition included demonstrations of new specimens of isotope products,
radioisotope instruments, and protective techniques.

An Advanced Experience School on the Introduction of Radioisotope Technology into Industry was held
at Dimitrovgrad in June 1975 by the Moscow Interregional Section of the All-Union Isotope Society in con-
junction with the V. I.'Lenin Scientific-Research Ihstitute of Atomic Reactors for ledding workers of indus-
trial enterprises and organizations of Dimitrovgrad and the Ul'yanovsk region. Participants included 150
persons from 78 enterprises of the city and the region, Speakers noted the highly promising outlook for the
application of isotope methods and instruments in the city's industry.

A Seminar on "Quality Control for Welded Seams" was held by the Sverdlovsk Interregional Section
of the All-Union Isotope Society in conjunction with the "Soyuzshakhtospetsmontazh" Welding Laboratory
Trust in June 1975 at Berezovskii in the Sverdlovsk region. Gamma defectoscopes and dosimetric instru-
ments were shown to specialists from industrial enterprises. A communication delivered at the seminar
was broadcast over Sverdlovsk television.

An Exhibition and Seminar on "Radioisotope Methods of Control and Automation in Industry™ was held
by the Sverdlovsk Interregional Section of the All-Union Isotope Society in conjunction with the "Soyuztekhu-
huglerod" All-Union Society and the All-Union Scientific-Research Institute of Technical Carbon (VNIITu)
in June 1975 at Omsk, Along 200 specialists visited the exhibition. The work of the exhibition was widely
publicized over Omsk radio and television; it showed that radioisotope instruments are being widely used
in this branch of the economy. It is expected that a total of 3000 radioisotope instruments will be required

by this branch in the future.

A Seminar and Exhibition on "Radioisotope Instruments and Their Application in Various Branches
of the National Economy" was organized by the Khabarovsk Interregional Section of the All-Union Isotope

Transkla;ced from Atomnaya Energiya, Vol. 39, No. 5, pp. 375-376, November, 1975.
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Society, the Amur Regional Council of the All-Union Inventors and Rationalizers Society, the Khabarovsk
Center for Scientific and Technical Research, and the Amur Regional Council of the Scientific and Technical
Association, at Blagoveshchensk in June 1975. Representatives of 25 Blagoveshchensk organizations par-
ticipated in the seminar. Seven reports were delivered. The exhibition was visited by about 200 special-
ists. Recommendations aimed at bringing radioisotope techniques into wider use were adopted.

A Seminar on "Radioisotope Methods and Instruments in the Coal and Oil Industry" was organized
by the Ukhta Municipal Committee of the Communist Party of the Soviet Union, the Komi Regional Director-
ate of the Scientific and Technical Association of the Oil and Gas Industry, the House of Technology of the
Regional Council of the Scientific and Technical Association, and the Leningrad Interrepublic Section of the
All-Union Isotope Society in June 1975 at Ukhta, Komi ASSR. Participants included 52 specialists from 39
industrial organizations of the city; 13 reports and communications were delivered. The recommendations
of the seminar will be published and distributed to enterprises.

: Three Seminars on "Problems of Safety Teckniques and Radiation Safety in Work with-Radioactive
Substances and Sources of Ionizing Radiation," "What is New in the Practice of Industrial Defectoscopy 2"
and "Experience and Prospects in the Use of Radioisotope Techniques at Construction Industry Enterprises"
were held by the Sverdlovsk Interregional Section of the All-Union Isotope Society in conjunction with the
Isotope Committee of the Sverdlovsk Regional Council in June 1975. Specialists from Sverdlovsk industrial
enterprises participated in the seminars. . R
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BOOK REVIEWS

Yu. I. Likhachev and V. Ya. Pupko
STABILITY OF THE FUEL ELEMENTS
OF NUCLEAR REACTORS *

RevieWed by N. S. Khlopkin

The foremost problems of nuclear-power generation is to ensure reliable operation of the nuclear-
reactor fuel elements over a long perlod and at deep fuel burnups, under conditions of high radiation fluxes,
high temperatures and the corrosion action of the coolant, at steady and variable power levels. A knowl-
edge of the stresses and deformations in the core and cladding of the fuel elements, durmg their entlre pe-
riod of operation, occuples an meortant place in its solution, =

The book being reviewed gives the general theory of the calculation of the stressed strained state of -
fuel elements and takes into account their special operatlng features and the effect of irradiation on the
fuel-element materials.

The book comprises two sections. In the first section methods are considered for calculating the sta-
bility of fuel elements, the complex form of loading of fuel elements, their nonisothermicity, change of me-
chanical properties of the materials during operation, swelling of the fissile and structural materials under
the action of radiation. The difficulties of the problem posed are large as a result of the small amount of
detailed experimental data on the properties of materials under actual conditions.

Experimental investigations of fuel elements serving as the basis for the selection of a numerical
model to a considerable extent are full-scale tests and are of a total nature. They do not give the possibil-
ity ofdistinguishing one or another process, The authors show successively the inadequate data, and give a
list of experiments and instrumentation by means of which the required characteristics can be obtained.

In the second section a calculation is carried out of the working efficiency of fuel elements, deter-
mined by stability characteristics. The kinetics of the stressed and strained states of the. fuel and cladding
during operation are considered, the accumulation of defects in the cladding material and the change of the
physicomechanical properties of the fuel and cladding in a radiation field. : '

The corrosion—erosion stability of materials in the coolant and the compatibility of the fuel and clad-
ding materials are not considered here, although for fuel elements where the cladding thicknesses are re-
duced to a minimum for the purpose of reducing the harmful absorption of neutrons, these problems are
important. However, their inclusion in the book would sharply increase its volume.

~ Here, the procedure is given for calculating the stability characteristics which affect the operating
efficiency of the fuel elements with pliable and nonpliable cores, in the presence of cohesion of the fuel with
the cladding and with the introduction of a liquid or gaseous contact sublayer. The special features of oper-
ation of fuel elements with an oxide core are analyzed. A procedure is given for calculating the surround-
ing nonunlfor mity of the thermal and neutron fields and the nonuniform swelling of the cladding material.
A procedure is described for calculating the stability of a freely deformed cladding, resting on the fuel
core,

The solutions of many problems are reduced to computer programs and can raise the problem of ex-
perimental Verlficatlon of the results obtained. Unfortunately, the kinetics of deformation of fuel elements

*Atomizdat, Moscow (1975).

Transldted from Atomnaya Energiya, Vol. 39, No. 5, p. 376, November, 1975.
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during operation of the reactor in the overwhelming majority of cases cannot be monitored. It is possible

only to compare certair ultimate results and integrated characteristics of fuel elements, withdrawn from

the reactor, with the calculated results — change of its dimensions, change of the mechanical properties of
the core and cladding, position of the most damaged places of the cladding, the times to the appearance of
cracks and the nature of these cracks. '

But these comparisohs also permit the values of the empirical coefficients to be refined, the intro-
duction of which is inevitable, and the procedure to be improved.

There is an appendix to the book, where the possibilities are discussed for deriving an adjoint func-
tion device for investigating the steady defor med state of fuel elements, in particular for a more accurate
computation of the effect of indeterminacy of the mechanical constant values or of the 1oad factors and the
effects of a different type of tolerances on the magnitude of the defor mations or stresses.

On the whole, the book is very useful for reactor developers, . It allows the selection of prospective
fuel-element alternatives to be carried out more correctly for further investigation, and the time and costs
on development of reliable fuel elements, which will satisfy the requirements of nuclear power generation,
to be shortened considerably.
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